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FOREWORD

This technical report presents the results of a Tubular Copper Thrust Chamber Design Study. The
study was conducted by the Pratt & Whitney (P&W)/Government Engines & Space Propulsion (GESP)
of the United Technologies Corporation (UTC) for the National Aeronautics and Space Administration,
Lewis Research Center under Contract NAS3-23858, Task Order C.2.

The study was initiated in October 1989 and completed in June 1990. Mr. John Kazaroff was the
NASA Task Order Manager. The effort at P&W was carried out under Mr. James R. Brown, Program
Manager, and Mr. Arthur 1. Masters, Engineering Manager. Other individuals providing significant
contributions in the preparation of the report were Donald E. Galler and Scott Chesla — Cycle Performance;
James R. Black and Aaron R. Fierstein — Heat Transfer; Tim Ehlers — Mechanical Design; and Charles
Ruby — Structural Analysis. Mr. G. Paul Richter was the orbit transfer vehicle (OTV) Program Manager.
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SECTION |
INTRODUCTION

A. BACKGROUND

Tube bundle construction is one of the least expensive, shortest lead time, and most
developed means of fabricating rocket engine thrust chambers. Most production engine thrust
chambers before the Space Shuttle Main Engine (SSME) were fabricated from tube bundles. At
the high combustion pressures of the SSME, high material thermal conductivity is essential to
minimize hot-wall thermal gradients. Copper is the only suitable construction material with
adequate conductivity to meet this requirement. Since conventional tube bundle construction
requires brazing, and conventional copper alloys cannot be brazed without a prohibitive loss in
tensile strength, alternative means of producing copper thrust chambers (i.e., milled channel
construction) had to be developed. This type of construction is very costly, requires extensive
lead time, and produces serious low-cycle fatigue life limitations.

NASA-Lewis Research Center has pioneered the use of electroforming and plasma spraying
as a means of bonding copper tube bundles without exposing the copper to the high temperatures
associated with brazing. Pratt & Whitney (P&W) is currently looking at special copper alloys
(e.g., GlidCop™ AL-15) that can be brazed without a large reduction in strength. The
development of either or both of these bonding techniques will provide new approaches for
combining the advantages of tubular chamber construction with those of high-conductivity

copper.

The use of copper tubular thrust chambers is particularly important in a high-performance
expander cycle space engine. High performance requires high combustion chamber pressure.
Expander cycle engines are limited in chamber pressure by the amount of regenerative heat
available to drive the turbomachinery. Tubular chambers have more surface area than flat wall
chambers (milled-channel construction), and this extra surface area provides enhanced heat
transfer for additional energy to power the cycle.

B. STUDY REQUIREMENTS

The Tubular Copper Thrust Chamber Design Study was divided into two primary technical
activities: (1) a Thermal Analysis and Sensitivity Study and (2) a Preliminary Design of a
selected thrust chamber configuration. The thermal analysis consisted of a statistical optimiza-
tion to determine the optimum tube geometry, tube booking, thrust chamber geometry, and
cooling routing to achieve the maximum upper limit chamber pressure for a 25,000-pound thrust
engine. Two cycle types, a split expander cycle and full expander cycle with a regenerator, were
considered. In optimizing the tube geometry, the following parameters were considered: tube
diameter, tube wall thickness, the number of tubes, and the degree of tube taper. In optimizing
thrust chamber size, chamber length, and contraction ratio were considered.

The range of variables considered was established as follows:

+ Tube diameter 0.080 in. to a maximum based on structural
limits and coolant velocity requirements

¢ Tube wall thickness 0.015 in. to 0.050 in.




» Degree of booking (ratio of 1.0 to 4.0
tube height to width)

e Chamber contraction ratio (in- 2.5 to 5.0
jector area to throat area)

* Number of tubes As required based on geometric considerations
above
o Chamber length 12.0 in. (required for combustion) or the length

that provides maximum cycle power margin,
whichever is shortest

e Tube taper As required for optimum cooling.

In conducting the study, a thermal enhancement of 18 percent due to the increased surface
area from the tubular geometry was assumed. The effect of increasing the assumed thermal
enhancement to 30 percent was also evaluated.

The goal of the preliminary design was to define a tubular thrust chamber that would
demonstrate the inherent advantages of copper tube construction in full-scale hardware. The
Advanced Expander Test Bed (AETB) was selected as the most appropriate vehicle for the
demonstration. The AETB is being designed with a 25-percent uprated design point relative to
its normal operating point. The design point is 25,000 Ib thrust at 1500 psia chamber pressure,
and the normal operating point is 20,000 lb thrust at 1200 psia. The thrust chamber has a
contraction ratio of 3 to 1 and a conical exhaust nozzle expanding to an area ratio of 2 to 1.

The AETB configuration requirements are similar to the chamber that was defined in the
split expander cycle portion of the thermal analysis and sensitivity study. These requirements
are summarized in Table 1. At NASA’s request, the thermal enhancement for the tubular
construction was assumed to be 40 percent in the first 10 in. of the combustor, 20 percent near
the nozzle throat, and 30 percent in the convergent section.

TABLE 1. — TUBULAR COPPER THRUST CHAMBER RECOMMENDED
DESIGN PARAMETERS
Injector End Diameter (in.) 568
Throat Area (sq in.) 8.45
Contraction Ratio 3.0
Length-Injector-to-Throat (in.) 120 — 15
Nozzle Expansion Ratio 20
Coolant Bypass Flow (%) 50

C. THERMAL ANALYSIS RESULTS

The thermal analysis and sensitivity study was conducted in two parts. First, a
sophisticated optimization procedure was used to find an optimum tube geometry for maximum
chamber pressure. The optimization process considered the impact of changes in tube and thrust
chamber geometry on total heat pickup and pressure drop, and the resulting effect on the engine
cycle in terms of achievable chamber pressure. Both the split expander cycle and full expander
cycle with regeneration were considered. The study assumed the heat transfer enhancement
associated with the tubular geometry was 18 percent. Practical design limits were set on the
turbomachinery operating conditions, and the fuel pump was limited to three pump stages.




The second part of the analysis consisted of sensitivity studies to determine the impact of
changing some of the assumptions that went into the original optimization. The two most
significant variables in the sensitivity study were found to be the assumed heat flux enhancemen:
for tubes and the limitation on the number of fuel pump stages.

A comparison of achievable chamber pressure for the two cycles with 18-percent and
30-percent heat transfer enhancement is shown in Table 2. An enhancement of 18 percent
produces an increase in achievable chamber pressure of 195 psi (11 percent) for the split
expander cycle and 433 psi (25 percent) increase for the full expander cycle with a regenerator.
An increased enhancement of 30 percent provides no zuditional benefit because of thrust
chamber heat transfer limits in the regenerator cycle and fuel pump tip speed limits in the split
expander cycle.

TABLE 2. — EFFECT OF TUBULAR CHAMBER HEAT TRANSFER
ENHANCEMENT ON UPPER LIMIT CHAMBER PRESSURE

Milled

Channel Tubular Chamber Enhancement
Chamber 18% 30%
Split Expander Cycle 1560 1755 1758
Chamber Pressure
(paia)
Full Expander With 1n7 2150 2144
Regenerator Chamber
Pressure (psia)

The split expander cycle fuel pump tip speed limitation can be overcome by addition of a
fourth fuel pump stage to redistribute stage head rise. Table 3 shows upper limit chamber
pressu.e for split expander cycles with three- and four-stage fuel pumps and 18-percent and
30-percent enhancement. With a four-stage fuel pump and 30-percent enhancement the upper
limit chamber pressure is increased to 2162 psia.

TABLE 3. — THREE- AND FOUR-STAGE FUEL PUMP COMPARISON IN THE
SPLIT EXPANDER CYCLE
Enhancement 3-Stage 4-Stage
(%) Fuel Pump Fuel Pump
18 1755 1917
30 1758 2162

D. PRELIMINARY DESIGN SUMMARY

The preliminary design effort produced a layout drawing of a tubular thrust chamber
suitable for testing in the AETB. The chamber liner has 140 copper tubes that are tapered and
booked to a near optimum coolant flowpath. An electroformed jacket around the tube bundle is
used to join the tubes and contain the thrust chamber pressure. The manifolds and attachment
flanges are formed from Inconel 909 to minimize thermal growth differences between the thrust
chamber and the injector and conical nozzle. Two alternate methods of attaching the manifold
assemblies (welding to the electroformed jacket and electroforming around the attachment
points) are included on the layout. A sketch of the chamber is provided in Figure 1.
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Figure 1. Advanced Expander Test Bed Copper Tubular Combustion Chamber

The combustion chamber length from the injector face to the nozzle throat is 12.0 inches,
3.0 inches shorter than the AETB milled channel chamber. Based on the assumed heat transfer
enhancement of 40 percent near the injector and 20 percent near the nozzle throat, this reduced-
length chamber is predicted to provide a 5-percent increase in overall heat transfer and a
15-percent reduction in coolant pressure drop (including the AETB conical nozzle), as shown in
Table 4. Testing this chamber in the AETB would provide a significant cycle benefit to the
AETB and would confirm the inherent advantages of tubular chamber construction, even though
the performance improvements measured in the AETB would be less than could be achieved in
an engine specifically designed for a tubular chamber.

TABLE 4. — COMPARISON OF TUBULAR AND MILLED CHANNEL AETB
THRUST CHAMBER COOLING
Toatal Total
Length Heat Coolant
(in.) Transfer (Btu) Pressure (psi)
Milled Channel 15 12,420 501
Copper Tubes 12 13,010 425




SECTION I
STUDY PROCEDURES

A. OPTIMIZATION METHODOLOGY

Rocket cycle optimization is a complex procedure because of the number and range of
engine and thrust chamber design variables that must be considered. To establish a thrust
chamber design that best meets a set of requirements, various configurations must be selected
and key design variables established for each configuration. An engine cycle analysis is then
performed for each combination of independent variables for each configuration selected, and the
capability of each system defined. The capability is then compared to the previously establis*-ed
requirements and figure-of-merit. Iterations for the most promising configuration are performed
to refine system capability, and the optimum variable combinations in the region of defined
interest must be determined. This process of system definition with multiple design variables can
be lengthy and can involve large amounts of data. To reduce the quantity of date and required
time, a computerized system statistical optimization methodology to define the thrust chamber
configuration was employed.

The statistical optimization tool used during this study was developed by Pratt & Whitney
(P&W) during the Airplane Response Engine Selection (ARES) Program (Reference 1). Briefly,
the methodology uses the following:

* A design selector to select independent variable combinations and levels

¢ Performance simulators to simulate thrust chamber and engine performance
and determine overall system performance levels

+ A data interpolator that correlates the system performance output from the
performance simulator through the use of regression analysis

¢ An interpreter that interrogates the performance surfaces that result from the
regression equations. The interpreter incorporates optimizer logic that uses a
search technique to vary independent variable levels to maximize system
performance according to a selected figure-of-merit.

1. Description of Methodology

Combinations and levels of the key independent design variables are selected for use in
defining overall system performance hardpoints. Levels and combinations of both thrust-
chamber-associated design variables (e.g., aspect ratio) and engine-associated design variables
are selected.

Engine performance data to be included in the cycle analysis are generated for all selected
engine-associated design variable levels and combinations. An engine simulatien deck is then
used to establish the system performance levels. The output from the engine simulation deck in
terms of the dependent variable levels (chamber pressure, pump pressure, turbine temperature,
etc.) associated with the combinations and levels of the independent variables (contraction ratio,
inlet temperature, etc.) comprise the database for the ARES methodology. Since the database
includes both engine associated and thrust chamber associated variables, interaction between
engine and chamber variables may be studied.

A regression program is used to fit hypergeometric surfaces for any desired dependent
variable. The use of the regression equations then permits interpolation of dependent variable




solutions for independent variable combinations in addition to those comprising the database to
be determined. Thus, the expanded database (the regression equations) actually constitute a
series of multidimensional surfaces (one for each dependent variable regressed) where the
number of dimensions is the number of independent variables in the regression equations.
Second-order polynomial regression equations are used for all surface fits.

The optimization program then searches the database to find an optimum engine/thrust
chamber design combination by minimizing a specified figure-of-merit (pump pressure) or
maximizing a payoff function (chamber pressure) subject to constraints on specified functions
(e.g., hot-wall temperature). The optimization analysis uses the surface fit functions provided by
the regression equations for its payoff and constraint functions. Any number of optima may be
found and an-lyzed by repeated applications of the procedure with different combinations of
constraints and payoff functions. Since this procedure is entirely computerized, the ARES
methodology offers rapid assessment of alternative payoff functions, penalty functions, or
constraint bands. Also, because the number of variable combinations can be large, the
methodology can incorporate both engine and thrust chamber independent variables. Thus, the
database includes engine/chamber interactive effects.

2. Design Selector

A modified central composite design (CCD) data selection pattern was used in this study.
Central composite design patterns in many variations are in common use in response surface
methodology. The pattern for a three-variable case can be visualized in three dimensions as a
cube with a data point at each corner, a point in the center of each face, and a point in the center
of the cube (Figure 2).
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Figure 2. Isometric View of Three-Variable Central Composite Design Pattern

With this design pattern, many cross-plots can readily be made and cross-coupling terms
defined. As the number of independent variables increases, the number of corner points goes up




dramatically (2n), while the number of face points only increases by 2n. Reducing the number of
corner points to reduce the cost of data generation, therefore, becomes expedient. The equation
for number of points becomes:

2l'l
—p+2n+l

N

0 All corner points are used (full replication)

1 one-half the corner points are used (half replication)

2 one-quarter of the corner points are used (quarter replication)
3 one-eighth of the corner point are used (eighth replication)

k
k
k
k
A five-variable data pattern is presented in Figure 3.

The solid points shown are included in the half replication pattern, while all the points
shown are used in the full replication pattern. In data generation, the low (L), mid (M), and high
(H) values of a variable are not always the same. At some of the corner points where upper and
lower limit combinations of a variable are to be used, a converged solution is not always
obtainable.

3. Regression Analysis Method

The regression technique employed during this study is a classical least squares procedure
using a pivoting matrix inversion subroutine. This particular computerized regression routine is
capable of handling multiple variable, noninteger power, polynomial forms. The routine has
backward elimination capability using a t-status criteria. Normalization of variables was not
used, since normalization was determined to have no impact upon the accuracy of surface fits.

The regression routine was modified and incorporated into a computer program with
automated data handling capabilities, as a convenience for handling output and for evaluating
methods developed in this study. The capabilities include the following:

¢ Transformation and retransformation of dependent variables for both
regressed and check data

« Calculation of quadratic solutions for independent variables from 2nd order
polynomial regression equation forms

« Error statistic analysis for indirect methods that use regressed variables as
independent and dependent variables.

4. Selection of Study Variables

The initial step in the study was to select the independent variables for the copper tubular
thrust chamber heat transfer analysis. Seven parameters were chosen (Table 5). Figures 4, 5,
and 6 present the CCD matrix used for the thrust chamber analysis.
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TABLE 5. — COPPER TUBULAR THRUST CHAMBER VARIABLES

Chamber Pressure (PC) — psia 1600 1900 2200
Contraction Ratio (CR) 25 35 5.0
Chamber Length (ZI) — in. 12 16 20
Tube Number (TN) 60 90 120
Coolant Flow (WC) — lb/sec 35 58 8.0
Aspect Ratio (ASP) 10 2.5 40
Coolant Inlet Temperature (TC) 110 250 400
—*R

B. THERMAL ANALYSIS

The thermal analysis was conducted using P&W’s nozzle/thrust chamber cooling design
computer code. The code is designed to analyze tubular or machined thrust chambers and
convectively cooled tubular, film-cooled, and radiation-cooled nozzles. The combustion side heat
transfer rates are based on the Mayer Integral Method, to calculate the heat transfer coefficient,
and enthalpy driving potential, to define a driving temperature. Enthalpy driving potential is the
difference between the free-stream stagnation enthalpy and the enthalpy level at the wall. The
stagnation enthalpy of the combustion gasses is strongly dependent on chamber pressure due to
dissociation of the combustion products. Dissociation of the combustion products occurs at
temperatures above 3000°R. At temperatures below 3000°R, the energy state can be represented
adequately with specific heat.

The formulation used in the code for the combustion side heat transfer is as follows:

The following nomenclature is used in the subroutine:

area in2 comb. flow area

Co dimensionless constant in combustion eqn

H_ o Btu/inZ-sec-R combustion heat transfer coefficient

R in. comb. wall radius

s in. contour length from injector face

T deg R comb. gas temperature

\' in/sec comb. gas velocity

wma lbm/sec comb. gas flow

z in. axial length referenced to the throat.

The following property variables are used in the subroutine:

Cp Btu/lbm-R specific heat

p lbm/in3 density

h Btu/lbm enthalpy

k Btu/in-sec-R conductivity

u lbm/in-sec viscosity

Pr dimensioniess Prandtl number.

12




Two values of Cp, k and p are input with corresponding temperatures and a log-log curve fit
is applied. The Prandtl number is calculated at a given temperature by the equation:

Pr « uxC/k

A reference enthalpy (h,,,) and a corresponding reference temperature (T,,) are input along
with a stagnation enthalpy curve (h,-vs-z) which is equivalent to a stagnation temperature curve.

The three temperature locations used are:

f comb. film (Eckert reference)
i comb. infinity (bulk)
w comb. wall.

According to the reference the heat transfer coefficient is

(cm X R"* x B** x Pr;*® x p; x C, x V)

H3 =
YR x Bf* x p; x V, x p;'5e)' ®

where,

B = (w/k)™"®x (T,/TH

The denominator of the equation is referred to as the contour integral and has been found
to be fairly insensitive to wall temperature. To simplify the computer program this is calculated
in front of the heat transfer calculation and a contour integral curve is generated (int-vs-z).

The reduced form of the denominator, assuming finite steps from the injector face and
wma/area = p, X V,, for a given wall location is:

(R** x p/* x T, x wma x As)

CON = ’
(w’* x Ty x area)

and

int, = (con + (int }))"*.

The initial int at the injector face is input using the formula:

) (2 x wma x R;;}) T*
intao = [ % i) ]

13




where,

R,; = comb. wall radius at injector face.

The numerator of the equation is calculated at the axial station being run. The reduced
form of the equation with wma/area = p, X V, is:

(ca X R x (/)" x T, x C, X wma)

H3 =
(int, x Pr;”® x area)

At present, analytical matching of data indicates a c, =0.0296.
Note: for a constant R = 1.0 these equations reduce to curved plate heat transfer.
To account for dissociation effects, enthalpy is used instead of temperature. Thus:

Hmuh - Ha/ CD’

and
Q" = Hgm xedp
where,
edp = h, - Ah, x (1.0 - Pr}”®) - by + Cpe X (Tt = Tras)

Vv

Ab = X1
A Mach number profile may be input which overrides the internal one-dimensional
calculation. The input Mach number is used to calculate static pressure, hot gas velocity, and an

aerodynamic area ratio (AAR). This is the area ratio at which the Mach number would occur in a
one-dimensional flow field. The AAR is used to adjust the area term in the Mayer integral.

The combustion efficiency and the heat release of the chemical reaction define the local hot
gas energy state for heat transfer. The energy intensity increases as the reaction process
progresses through the chamber. The energy states and corresponding heat transfer driving
potential are lower near the injector. The energy release profile can be generated based on
theoretical behavior, or it can be input from available data. Although generally small relative to
the convective heat flux component, the hot gas radiation component is evaluated within the
P&W Rocket Thermal Design System, using a method formulated by Prof. A. H. Lefebvre, of
Purdue University.

The internal wall thermal analysis procedure used within the computer code accounts for
passage curvature, surface roughness, and large wall-to-coolant bulk temperature differences on
the convective heat transfer coefficient of the coolant.

14




The coolant heat transfer and pressure loss formulation is:

A h_-vs-wall temperature curve is generated for a given axial location by executing the
heat transfer coefficient subroutine within a loop while varying only the wall temperature.

The input for the coolant side subroutine is as follows:

d, in hydraulic diameter

g lbm/sec-in2 coolant mass velocity

P psia coolant static pressure
T, Rankine bulk coolant temperature
T Rankine coolant wall temperature.

Other important variables are as follows:

H, .. Btu/in2-sec-R coolant heat transfer coefficient
q° Btu/in2-sec coolant heat flux
vel ft/sec coolant velocity.

The property variables used in the subroutine are as follows:

C, Btu/lbm-R specific heat
P Ibm/in3 density

k Btu/in-sec-R conductivity
K Ibm/in-sec viscosity.

The three temperature locations used are as follows:

b coolant bulk
f coolant film
w coolant wall.

The coolant film temperature is calculated using the following equation:

T, = 5xT.+(5xT))

The heat transfer coefficient equation for hydrogen is defined by the following equation:
Hoy = 0.0227 x Ref® x Pri* x (p,/py)*® x (k;/dy) X term
where,

(Mw X )

term = 1.+ .01457 x W

Re, = gxd,/u

Pr, = l‘fxcpl/kr

15




Local H_, coefficients are adjusted for entrance, wall roughness, and curvature effects:
Heot = Hea X ENH,, x ENH,, x ENH,,-

The entrance effect is calculated by the following equation:

ENHo = 1+ Ty

where,

x = passage length.
The wall roughness effect is calculated by the following empirical equations:

eps = Re,x[c[/2)x¢e/d,

prodl = 3.074047 - 0.24377728 x antilog eps — 0.5335861 x antilog Pr,
prod2 = 0.19007 + 0.02572894 x antilog eps

prod3 = 0.838 x Pri™"' x eps™

(.cfi/2)
(1 + {lc}i/2) x prod3)
if hfropt = 0, then ENH,,; = |
stp,
stp,
if hfropt = 2, then ENH,, = 1 +.4 x (stp,/stp,)

stp; =

if hfropt = 1, then EHN =

where,
€ = absolute wall roughness
cf, = the Moody friction factor at

1 -- > rough wall, € input
2 -- > smooth wall, € = 0.000001.

i
i

The curvature effect is calculated externally and input as a ENH_ -vs-z curve. This
multiplier is applied only to the passage bottom in the thermal skin; In the tube geometry, it is
applied at its maximum at the tube bottom and linearly ratioed back to 1 at 90 degrees from the
bottom.
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The downstream static enthalpy and pressure are calculated using a control volume
analysis. The two loss factors are friction and momentum:

P = Po'APain‘APm-

The frictional pressure loss is derived from the following equations:

N G

m « pxareax vel

4 x area
d = .

Combining the above equations, separating for upstream and downstream, and dimension-
alizing for units:

; 0 W 1 L, x W,
AP, = (24";&)x(Ax/2)x((Cf x:el::x ) + (CI x::ea; )).

The pressure loss due to curvature effects is accounted for by enhancing the friction
coefficient using the following equations:

)

28
C.. = 1+0075x Re} x(2xr¢

Cfnu - cIon Cun

where,

r. = passage wall curvature radius.

The momentum pressure loss is derived from the following incompressible equation:

AP, = p xxv:‘l2

Combining with continuity, separating upstream and downstream, and dimensionalizing for
units:

) x (vel,/area, ~ vel,/area,).

APg,n = (24':&




Now, since p = constant:

vel,/area, = vely/area, and,

AP,y = (ﬁ) x (1/area, — 1/areay) x (vel, - vel).

Inlet and exit manifold losses are calculated based on input loss coefficients and the coolant
velocity in the coolant passage.

Two-dimensional conduction effects are automatically evaluated within the program using
a finite-element model to give tube wall temperature distributions and coolant heatup. The effect
of boundary layer buildup between the tubes of a tubular chamber is taken into account by using
a simplified model that restricts the effective heat transfer area to some fraction of the exposed
surface area. With this model, the maximum heat transfer enhancement is 57 percent (1/2). An
enhancement of 57 percent would therefore assume no losses due to boundary layer buildup
between the tubes. At the other extreme, assuming heat transfer over 64 percent of the exposed
tube surface produces a heat flux equivalent to a flat plate (i.e., no enhancement).

For the parametric studies, an exposure of 73 percent was used for the chamber and nozzle.
The 73-percent tube exposure results in an 18-percent heat transfer enhancement over a smooth
wall. The 18-percent enhancement agrees well with RL10 test data. After the parametric studies
were completed, individual cycle points were evaluated for 30-percent enhancement (82-percent
exposure).

Based on preliminary studies, a single-pass counterflow tubular copper chamber and a pass-
and-one-half parallel flow Haynes 230 nozzle were selected for the parametric study. The break
point between the chamber and nozzle was set at an expansion area ratio of 6.5 to 1. The
chamber and nozzle are cooled in series with the chamber being cooled first.

To reduce the number of tube geometry variables in the parametric study the following
ground rules were set:

« The tubes had a variable wall thickness. The thickness was set at 0.015 in. at
the throat (minimum wall thickness) for all cases. The wall thickness was set
at the inlet manifold to give a pressure stress up to 90 percent of the yield
strength up to a maximum thickness of 0.050 in. The thickness was varied
linearly from the inlet manifold to the throat. A constant wall thickness was
used from the throat to the injector unless allowable stress was exceeded.
Where pressure stresses were exceeded, the same ground rules were applied
upstream of the throat as downstream.

* The amount of tube booking or tube aspect ratio (ASP) was set at the throat
and varied linearly from the throat to the injector and inlet manifold unless
an ASP of 1 was reached. If an ASP of 1 was reached, the tube was tapered the
rest of the way.

+ The break point between the nozzle and chamber was set at an expansion area
ratio of 6.5 for all cases. The break point was set based on tube hoop stress for
a 0.050-inch thick wall at the maximum chamber pressure.

s The minimum tube width was 0.070 in.
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For the parametric study, the code was used to calculate chamber wall temperature and
heat flux distribution, tube hoop stress, coolant heat pickup, and pressure loss for use in the
performance evaluation.

C. CYCLE ANALYSIS

Heat transfer data, generated during the thermal analysis for the copper tube chamber,
were correlated through regression analysis and incorporated into the expander engine cycle
deck. Cycle data were generated for both the split and full expander engines, and an optimization
was conducted to determine the chamber geometry with the maximum cycle chamber pressure.
This geometry was subsequently reentered into the engine design deck to ensure that none of the
turbomachinery or chamber limits had been exceeded and to obtain the final cycle parameter
values.

1. Thermal Data

The heat transfer data generated for each point in the chamber thermal analysis Central
Composite Design (CCD) matrix (Figures 4, 5, and 6) were regression fit into suitable form for
incorporation into the expander cycle design deck. The seven independent variables (Table 5)
were used during the regression procedure to approximate the copper tubular chamber heat
transfer characteristics. As functions of these seven independent variables, relations for the
following nine dependent engine design parameters were incorporated into the design deck:

Total chamber pressure drop (DPT) — psi
Maximum stress ratio (PRYS)

Ultimate tube temperature margin (UTTM) — °R
Total chamber heat pick up (QTOT) — Btu
Inlet manifold pressure drop (DPIN) — psi
Chamber pressure drop (DP) — psi

Exit manifold pressure drop (DPEX) — psi
Maximum hot-wall temperature (THOT) — °R
Throat hot-wall temperature (UTTS) — °R

2. Expander Engine Design Cycle Deck

The expander engine design cycle deck was used to integrate the correlated heat transfer
data and chamber limits with the cycle performance data and turbomachinery limits. With this
computer model, calculations of flowrates, system pressures and temperatures, and turbopump
horsepower requirements were made in an iterative manner until an energy balance for the
system was achieved. The following design constraints were monitored to prevent specified state-
of-the-art values from being exceeded.

¢ Turbine tip speeds must be less than 1900 ft/sec.

¢ Pump impeller tip speeds must be less than 2100 ft/sec.

+ Ultimate tube temperature margin must be greater than 100°R.
¢ Maximum hot-wall temperature must be less than 1460°R.

¢ Throat hot-wall temperature must be less than 1460°R.

¢ Maximum stress ratio must be less than 90.0.

3. Split Expander Cycle Analysis
The appropriate CCD matrix was selected to generate a combination of cycle and chamber
data for regression. For the split expander cycle, a six-variable matrix was chosen to conduct the

cycle analysis. The matrix is presented in Figure 7. Values for independent parameters used are
listed in Table 6.
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TABLE 6. — SPLIT EXPANDER CYCLE INDEPENDENT PARAMETERS
Turbine Pressure Ratio (TPR) 18 25 3.2
Contraction Ratio (CR) 2.5 35 5.0
Chamber Length (ZI) — in. 12.0 16.0 20.0
Tube Number (TN) 80 100 120
Flow Rate (WC) — Ib/sec 35 58 8.0
Aspect Ratio (ASP) 1.0 2.5 4.0

Note that turbine pressure ratio was substituted in the cycle CCD matrix for chamber
pressure as an independent variable so that chamber pressure could later be optimized as a
function of TPR, CR, ZI, TN, and ASP. An aspect ratio of 1.8 was substituted for 1.0 in the case
of the 120 tube number rows and flowrate (WC) = 8.0 (Figure 7) because of convergence
requirements in the cycle deck encountered during the generation of the cycle data. This change
does not affect the validity of the regression procedure.

After engine design data were generated for the 77 split expander cycle points, the
regression routine was used to approximate the following variables:

e Chamber pressure (PC) — psi

* Fuel turbine tip speed (UMFT1) — ft/sec

* Oxygen turbine tip speed (UMOT1) — ft/sec

o Percent jacket bypass flow (WJBY)

o Chamber ultimate tube temperature (UTTM) — °R

* Chamber maximum hot-wall temperature (THOT) — °R
* Chamber throat hot-wall temperature (UTTS) — °R

» Chamber maximum stress ratio (PRYS).

Relations for these eight parameters were entered into an optimization deck to maximize
chamber pressure at a specific jacket bypass flow. An optimum combination of TPR, CR, XI,
ASP, and TN was found using the constraints listed in Paragraph I1.C.2. These parameters were
then input into the split expander cycle design deck to ensure their validity and obtain the final
values for the independent variables (i.e., PC, UTTM).

4. Full Expander Cycle Analysis

The CCD matrix used to conduct the full expander with regenerator cycle analysis is shown
in Figure 8. The six independent variables used are listed in Table 7.

TABLE 7. — FULL-EXPANDER INDEPENDENT PARAMETERS
Turbine Pressure Ratio (TPR) 1.8 25 3.2
Contraction Ratio (CR) 25 35 5.0
Chamber Length (ZI) — in. 12.0 16.0 20.0
Tube Number (TN) 80 100 120
Jacket Inlet Temperature (TIN) -R 1100 250.0 400.0
Aspect Ratio (ASP) 1.0 2.5 4.0
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As with the split expander cycle, an aspect ratio of 1.8 was substituted for 1.0 in one of the
120 tube number cases in the matrix (Figure 8) because of difficulty experienced in the
convergence of certain points. In the case of the full expander, WC was replaced with TIN as a
dependent variable, since there was no bypass flow.

Following the same procedure used for the split expander, the engine design for the full
expander cycle with regenerator was regressed. From the regression routine, approximating
relations were obtained for the following dependent variables:

» Chamber pressure (PC) - psi

» Fuel turbine tip speed (UMFT1) - ft/sec

* Ozxygen turbine tip speed (UMOTI) - ft/sec

« Jacket Inlet Temperature (TIN) - °R

» Chamber ultimate tube temperature (UTTM) - °R

+« Chamber maximum hot-wall temperature (THOT) - °R
¢ Chamber throat hot-wall temperature (UTTS) - °R

» Chamber maximum stress ratio (PRYS).

The optimization deck was again used to optimize PC, adhering to the cycle constraints
listed in Paragraph I1.C.2. After the optimum chamber geometry and turbine pressure ratio were
found for a specified jacket inlet temperature, these parameters were input into the full expander
with regenerator cycle design deck to ensure their validity and obtain the final values for the
dependent variables.
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SECTION I
THERMAL ANALYSIS AND SENSITIVITY STUDY RESULTS

A. SPLIT EXPANDER CYCLE OPTIMIZATION

Using the optimization procedure described in Section II, an optimum thrust chamber
pressure of 1755 psia was achieved for the split expander cycle. This represents a 195 psi
(11 percent) increase over a comparable cycle with a milled channel chamber (Reference 1). With
this cycle (Figure 9), hot-wall temperature near the injectors and fuel pump tip speed are the
critical factors limiting further chamber pressure increase. As discussed later in this section, the
limitation of tip speed on chamber pressure can be overcome through use of a four-stage fuel
pump. The sensitivity of the cycle and chamber to perturbations around the optimum point is
shown in Figures 10 through 12. The optimum configuration for maximum chamber pressure for
the split expander cycle is presented in Table 8.

TABLE 8. — SPLIT EXPANDER OPTIMUM CONFIGURATION
¢ Chamber Contraction Ratio - 3.0
* Tube Aspect Ratio (ASP) - 3.0
* Tube Number (TN) - 120
« Chamber Length — in. — 1525

B. FULL EXPANDER WITH REGENERATOR CYCLE OPTIMIZATION

The optimum thrust chamber configuration with a regenerator cycle produces a chamber
pressure of 2150 psia, assuming 28-percent regenerator effectiveness. This represents a 433 psi
increase (25 percent) over a comparable cycle with a milled channel chamber (Reference 2). With
this cycle (Figure 13), the minimum ultimate tube temperature margin is the critical factor
limiting further chamber pressure increase. The sensitivity of the cycle and chamber to
perturbations around the optimum point is presented in Figures 14 through 16. The optimum
chamber configuration to maximize chamber pressure for the full expander with regenerator
cycle is presented in Table 9.

TABLE 9. — FULL EXPANDER OPTIMUM CHAMBER CONFIGURATION
¢ Chamber Contraction Ratio (R) — 34
» Tube Aspect Ratio (ASP) - 3.0
* Tube Number (TN) — 100
+ Chamber Length — in. — 180

C. VARIATION STUDIES

Following the optimization of the basic (18-percent tube enhancement) split expander and
full expander with regenerator cycles, a study was initiated to examine further refinements to the
cycles to achieve additional cycle improvements. These involved the following:

Increasing assumed heat flux enhancement from the tubular geometry
Increasing jacket bypass flow

Increasing the number of chamber tubes (decreasing minimum tube diameter)
Optimizing chamber tube geometry (constant wall temperature)
Increasing the maximum allowable chamber hot-wall temperature

Using a four-stage fuel pump.
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Figure 10. Effect of Tube Aspect Ratio and Chamber Contraction Ratio on Achievable
Chamber Pressure — Split Expander Cycle
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Figure 11. Effect of Turbine Pressure Ratio and Number of Tubes on Achievable Chamber
Pressure — Split Expander Cycle
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Figure 12. Effect of Turbine Bypass Ratio and Chamber Length on Achievable Chamber
Pressure — Split Expander Cycle
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Figure 14. Effect of Aspect Ratio and Contraction Ratio on Achievable Chamber
Pressure — Full Expander Cycle with Regenerator
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Figure 15. Effect of Turbine Pressure Ratio and Number of Tubes on Achievable Chamber
Pressure — Full Expander Cycle with Regenerator
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Figure 16. Effect of Regenerator Effectiveness and Chamber Length on Achievable Chamber
Pressure — Full Expander Cycle with Regenerator

1. increasing Heat Flux Enhancement

The effect of increasing the assumed chamber tube enhancement from 18 percent to
30 percent was studied for both the optimized split expander cycle and the full expander with
regenerator cycle. The optimized split expander cycle with 30-percent enhanced heat transfer
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provides an increase in total heat flux to the chamber that is available for providing increased
cycle chamber pressure. However, increasing enhancement without increasing the number of fuel
pump stages tends to drive the fuel pump tip speed over the allowable limit (2100 ft/sec), forcing
a reduction in turbine pressure ratio. Because the fuel pump tip speed was near the limit, the
increase in chamber pressure realized as a result of increased enhancement was negligible. The
final 35-percent jacket bypass split expander cycle with a chamber pressure of 1758 psia using the
30-percent enhanced heat transfer is presented in Figure 17.

Similarly, no improvement from the optimized base (18-percent tube enhancement) cycle
was gained with the assumption of the 30-percent enhanced tubes for the full expander with
regenerator cycle. The printout for the full expander with regenerator, 30-percent enhanced cycle
is presented in Figure 18.

2. Increasing Jacket Bypass Flow

Although the effect of increased enhancement was negligible on the optimized 35-percent
jacket bypass flow split expander cycle, enhancement can have significant effect at higher jacket
bypass ratios. At a jacket bypass ratio of 45 percent, for instance, a cycle using 18-percent
enhancement will only reach a chamber pressure level of 1640 psia before exceeding chamber
hot-wall temperature limits. However, with 30-percent enhanced heat transfer, the maximum
chamber pressure attainable with the 50-percent jacket bypass ratio cycle is 1756. psia (at the
fuel pump tip speed limit), as shown in the cycle printout in Figure 19. An increased jacket
bypass ratio cycle is possible when the increased chamber tube enhancement is assumed. The
effect of increasing the bypass ratio is shown in Figure 20 for both the 18-percent and 30-percent
enhanced tube configurations. As discussed in Reference 2, a high jacket bypass flow is desirable
for providing cooling margin for throttling and high mixture ratio operation.

3. Increasing the Number of Tubes

The effect of increasing the number of chamber tubes (decreasing the minimum tube
diameter) was analyzed for the split expander cycle with 50-percent bypass flow and 30-percent
heat transfer enhancement. The effect on the chamber was a decrease in both chamber pressure
loss and heat transfer. Although the cycle in Figure 21 showed a reduction in fuel pump exit
pressure from 5350. to 5296. psia, the overall effect on chamber pressure from increasing the
number of tubes was negligible because of fuel tip speed limits.

4. Optimizing Chamber Tube Geometry

To minimize coolant pressure drop in the chamber, the tube wall perimeter was varied to
allow the wall temperature to attain its maximum temperature of 1460°R over its entire length.
This chamber tube configuration resulted in the most favorable tradeoff between coolant heat
flux and pressure drop. Incorporation of the optimum geometry into the 50-percent bypass flow,
30-percent enhanced split expander cycle (Figure 22) resulted in a pump exit pressure decrease of
57 psia {(compare Figures 21 and 22). Chamber pressure, however, remained unaffected by the
optimized tube geometry, since the cycle is operating on the 1st-stage fuel pump tip speed limit.
Further significant increases in chamber pressure for the split expander cycle above the 1755 psia
level appears possible only with the use of a fourth fuel pump stage to reduce tip speed.
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Figure 20. Effect of Jacket Bypass Flow on Achievable Chamber Pressure — Split
Expander Cycle

5. Increasing the Maximum Allowable Chamber Hot-Wall Temperature

The effect of increasing the allowable thrust chamber hot-wall temperature on upper limit
chamber pressure was investigated for the split expander cycle with 50-percent bypass flow
(i.e., the configuration that was not fuel pump tip speed limited). By raising the maximum wall
and 18 percent enhancement (i.e., the configuration that was not fuel pump tip speed limited). By raising the
maximum wall temperature to 1560°R. a chamber pressure of 1701 psia is achieved (Figure 23). Note that
this cycle is also operating on the minimum ultimate tube temperature margin (UTTM) limit of 100°R. If
the maximum wall temperature limit is raised to 1660°R and the UTTM limit is disregarded. the maximum
chamber pressure is 1757 psia. as shown in Figure 24 (this cycle is operating on the pump tip speed limit).

6. Using A Four-Stage Pump

The preceding analyses showed that the maximum attainable chamber pressure for the split
expander cycle, regardless of bypass ratio or assumed chamber enhancement, was bounded in the
1750 to 1760 psia range. Higher pressures were prevented by the fuel pump tip speed limit.

The use of a four-stage fuel pump was examined in an effort to decrease the pump impeller
tip speed and allow further chamber pressure increase. To accommodate the additional fuel pump
stage, the configuration of the fuel turbopump was altered. Back-to-back counterrotating
turbines were selected to power the split rotor, four-stage fuel pump. This configuration replaced
the three-stage fuel pump powered by a single two-stage fuel turbine.
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In addition to decreasing the tip speed, the four-stage fuel pump also improves pump
efficiency. The higher pump efficiency provides increased pump exit pressure for an equivalent
power input, providing potential for increased chamber pressure operation. Additional improve-
ment is gained when a four-stage pump is used in a cycle previously limited by pump tip speed.
The effect of the four-stage fuel pump on the split expander cycle is summarized and compared to
previously optimized three-stage pump cycles in Table 10. The four-stage pump cycles are shown
separately in Figures 25 through 28.

TABLE 10. — FOUR-STAGE FUEL PUMP EVALUATION (SPLIT EXPANDER
ENGINE CYCLE)
Chamber Chamber
Bypass Enhancement Maximum Chamber Pressure (psia)
(%) (%) 3-Stage Pump 4-Stage Pump
35 18 1754.9 1922.2
35 30 1758.1 2049.6
50 18 1757.5° 1916.6*
50 30 1755.7 2161.7
Note:
*These cycles are operating with a chamber wall temperature limit
of 1660 R.

42




dwung

23035 -4n04 — JUIWIIUDYUF JUBDI]-§]/5s0dAY Juddiag-Gp — 4apuvdxry mdg ‘¢z auny

03s {°08p = 2N

1x3 dund X0 ()
19jui dwng g xo1 (9)

441 000'G2 = 2%y 01~V 3|qeL lasnjjig auiqunyg g X0 (S)
xipuaddy lajui auiain) X0 (v)
EEH ux3 welo0) (g)
Wx3 duind (2)
- ) 19|u} dwinyg ssedAg jan4 (1)
SAON
EEIVE=H (g)
_|| L1'ovL'G=d
)L J/
wqymg=H \ EEIWWE=H
29S/WGY = M ,,ﬁ y 19p=m (v
Ho =L - 9'889'G - d
ejsd = 4 / >E|._m.. ——
C = ﬂ ~
» - igz=H @ |
GB'Y =M
01989 =d
2'226'L =2d
L . AOSH X3H X0
=  |o@n| —r 111 A y
viyTY h‘l Agr
\ / * 9818'2=H ©
v'9L22=d —
ADOS * ASOd  r410 * AdLd
AOS! * P ShlL=M
vie=1
. —— e * 98l =d
L= @ Ly =M (g) * W
oeil'e=d L2l=1
09l=d X0 ZH1

43




dwung

ad0)G-4nod — JuswaduDYuF JULAJ-0g/sSOAAY Juadiad-Gp — Japundxg mds ‘9z aindiy

wx3 dwnd X011 (2)
98S |08y = %84 18ju) dwingd g X011 (9)
191 000'G2 = %A 4 L1V o|qe) Jesnyiq eujquny g X0 (S)
xjpuaddy 18U BuiqIng XO1 (¥)
90g 4x3 Juej00) ()
D) x3 dwnd (@)
G 19juj dwnd ssedAg jend (1)
:S9ION
Leeg'e=H (g)
_..l 1'666'G = d
( ED L=
a — 1)
waqynig = H x Lezg'e=H
29S/lQ| = M I 19v=mM @
Ho= L1 ,,, & JM.—"""II'IIL 1'6E6'G=d
Bsd=d ABL |y —— A |
| G = T N
“ T zaigeH @ ]
SP=M
8269~ d ﬁ
9'610'2 = °d i
u AOSd  X3H XOD 1 1
L u 2.8 88
C :_—iHit £ =
Agr
/ \ ﬁ * veLve=H
TrYe=-d —
AOOS * ASOd  paio AdLd * .
AOS| Ywl=M
/ viE=1
— — * 98l =d
veL=H ) ot—(1)
Lyv=m W LY =M ) _
e6le’c~d L9t =1
09l ~d

X0 cH1

44




dwung
380)G-4n0y] — JUIWRIUDYUF JUIIIIJ -] [ss0AAY uddiad-0¢ — 43puvdxy mdg Lg 3ndid

¥x3 dwnd X017 (2)
09S |'08Y = 284 18juj dwnd g xO1 (9)
191 000G = 28*4 Zi-v e|qel Jasnyig euiquny g X0 (5)
x|puaddy 19U suiqin} XO1 (v)
89S X3 wejoo) (g)
Wx3 dwnd (2)
(- ) 19|u] dwngd ssedAg |9n4 (1)
'SBION
Y092y =H (g
_||||. g62L'S=d
C ,A )L )/
wqymg=H \ ¥ ¥'092'v = H
Jsos/wugi=m L ; ' ese=m
Ho=1 \ x Iﬁlﬂ-ﬂﬂ 0°2.9'G = d
Bisd = d A8l 71 - I
(- D Y ==\
— |
* Lyoe=H (@ | |
ZLe=M
Z088'9 ~d *
9'916'} =°d
\ AOS4 X3H XOD H )
\. ) ) AAAR
¢ T _T—fHH “ =
ABP
\ / * ceSe-H \
8692'2=d —
ADOS * ASOd *
AOSI Adio Ad1d * g wi=M
/) vie=1
02L=H - T * Ei
rw=-m @ Lvp=M o) * T
eeol'e=d Zw- =1
09l =d
X0 o

45




dwng

afD3G-4n0y — JuFWAIUDYUT JUIBJ-QF/SSVAY UdIUad-0¢ — Jopuvdxy mds g amdiy

998 1°08Y = 2%

191 000°GZ = A4

€l-v a|qel

xipuaddy

29g

wx3 dwnd xo1 (2)

18ju| dwind g X0O1 (9)

sesnyg suiqin] g XO1 (S)

18ju) dulgIng X0 (v)

ux3 juejoo) (g)
ux3 dwnd (2)

C I ) 19ju) dwng ssedAg [an4 (1)
_ 'S?ION
906€'S=H (g)
_ v'i6L'9=d
Q ¥ X N
waqy/nig = H ,, J 906€'G =H
295/Wq| = M \ I gse=m ¥
Ho= 1 \ / - $621'9=d
ejsd - ¢ \ AaL T ——
C T xﬂ N\
% zese=H (@)
cl't=M
9'182'L=d
L'191'2=°d
AOS3 X3H XO09
fr [ ) AADA
E— | m— 11
\ / * oSy =H
2686c=d —
ADOS * ASOd 1o *
AOSI Ad Ad1d _
</
ovL=H T * o
b =M (2) L'vw=M © *
8006'€ =d L2991 =1
09l =
ot =d X0 cHI

Wwi=M
viE=1
98l ~d

— (1)

46



SECTION IV
TUBULAR CHAMBER PRELIMINARY DESIGN

A. THERMAL ANALYSIS

The object of the chamber design effort was to prepare a preliminary design of a copper
tubular thrust chamber that could be substituted for a milled channel thrust chamber in the
Advanced Expander Test Bed (AETB). The AETB milled channel thermal design is shown in
Figure 29. A key requirement of the design was that the tubular chamber match the AETB cycle
requirements (i.e., the total heat regeneration had to be nearly equal to or higher than the milled
channel chamber, and the pressure drop had to be equal or lower}. Reoptimization of the AETB
cycle based on the tubular chamber was not considered, since this would impact the AETB
turbomachinery and control system design.

For the AETB-compatible thrust chamber preliminary design, NASA-Lewis Research
Center (NASA-LeRC) recommended that the constant 18-percent enhancement used in the
parametric study be modified to a variable enhancement of 40 percent in the thrust chamber
decreasing to 20 percent at the throat, with a 30-percent transition in the converging section
upstream of the throat. A thermal design study was initiated to evaluate the performance of a
variable enhancement chamber based on a 50-percent bypass flow ratio and a minimum tube
width of 0.070 in. The maximum allowable wall temperature was limited to 1460°R and
maximum allowable hoop stress was limited to 90 percent of the yield stress. A minimum length
of 12.0 in. (limited by required combustion length) was used because this best met AETB cycle
requirements.

The initial variable enhancement configuration evaluated was based on the results of the
parametric study and consisted of a counterflow cooled chamber with 120 tubes and a 50-percent
bypass flow ratio. The thermal performance of this chamber (as summarized in Figure 30) shows
that the coolant heat regeneration meets the cycle requirements; however, the coolant pressure
drop is over 80 percent above the cycle value (913 psia versus 503 psia). Accordingly, the number
of tubes was increased to 140, the maximum value consistent with a minimum tube width of
0.070 in. (The increase in the optimum number of tubes from 120 in the parametric analysis to
140 in the preliminary design was driven primarily by the lower AETB chamber pressure). The
coolant pressure drop was thereby reduced to 378 psia. This was below the 503 psia allowable
cycle limit, and the coolant heat regeneration was also acceptable (Figure 31). This design
therefore meets the cycle requirements and maximum stress and temperature criteria as stated in
paragraph I1.C.2.

To ensure that problems would not arise during testing (in the event that the postulated
variable enhancement was not representative of the actual chamber tube side heat transfer), the
AETB thermal performance was evaluated based on other assumed heat flux profiles. The lower
bound of chamber thermal performance was assumed to be a constant 18-percent enhancement.
As shown in Figure 32, for this case the required cycle heat rejection would still be nearly met,
and there is enough extra pressure margin to compensate for the small deficiency in heat
rejection. A constant 30-percent enhancement, with a total heat regeneration comparable to the
variable enhancement chamber was also evaluated. The maximum wall temperature is 1474°R
which slightly exceeds the assumed 1460°R limit (Figure 33). This slight over-temperaturing
could be eliminated by over-designing the variable enhancement chamber. By increasing the
coolant pressure drop by 10 psia, the tube wall temperature could be decreased to the 1460°R
allowable limit.

47




£1e

08s8/WQq| LL'E = OM
¥ 1204 = 24
eisd /Iy = od

doquivy)y papN udisaq jowaay ] pag so] sapudxy paouvapy 63 dindid

eisd (4V)

£0S 10S douq

2INsSSald

sas/mg (D)

0.€£21 ocvel uoloafay

jesH

an|eA an|eA Jajoweled

3194A)D pajoipald jue|00)
J9s/Wq| L L' = OM Jolu| Q9S/WIq| LL'E = OM 191100
46l = 2] Jsoquey)d 499/ = 21 iaquey)

eisd 2,9y = 9d eisd ggey = 2d

ajzzoud

das/mg L2t =

08s/Mg ¥606 = 18qQUIBYOID

das/wq 12 = B

2as/wq) | L' = IM
499L =91 | yoopl = liemy
eisd 6eEy = 9d
1IN0 19)u|
8|2zoN 9|2Z0N

48




08S/WQ| 1L’ = 9M
¥ 8904 = 21
eisd 666 = od

(s3qn L (0g] MO}f433uncy)) JUIWINUDYUT J)GDIIDA
— uf1saq (pwday ] LaquIDY)) DN a0IDULA]Yy Pag 1sa] 4apuvdxy pasupapy 0f ndig

eisd (4v)

€0S €16 doug
2inssalg

des/mg (D)

0l€2lL 000€L uonoafoy
lea

anjeA anjeA J19)oweled
919A)D pajoipald jue|j00)n

J9s/Wdl 4 L'€ = OIM

J9s/wqy 1L'E = OM / o 608 = oL oo o
dShh =2 191U} eisd 066€ = °d ,5qwe
eisd 2.9 = °d saqueyd queyd
Jas/nig g9ge = 8jzzoud) Jas/nmig L¥96 = t9queydd

] i i } i %020 = N_ G2 = 7 \iewdueyu3 %oy ses/wal 126 - BM
Nz = seqn}) 09} S=2 0=3 - =
12 =2 ‘ | - - =2

H09vl = llem}

> = ||jem
28S/WQq| 1L = OM Y LGkl = lem]}
— 1oju|
4608 = oL ZZON
Ele) ejsd 166€ = Od _ _

9|2ZON




(SaqnL OFI MO}f423Uno)) JudWIIUDYUY 3]qDIJDA

— ufiIsa( (owtay ] 1aquiDY)) JDINGN 201DU4ANY Pag 153 4apuvdxzy pacuvapy ‘]g aunSiyg

eisd (dV)
€0S 144 doiqQ
ainssald
sas/nig (D)
0.€¢l oLogEl uonoaley
jesH
anjea anjeA 13)9Weled
31943 pejipald juej00)H
1) .
23S/Wq| L2 = OM bonS_..m fses/wqy LL'E = M ._onﬁ_m.“w
YGIl =94 Y L08 = 2L
e|sd 2.9y eisd ygyy = 9d

oes/nig p9EE = 212Z0UD

vas/nig 1P96 = Jaqueysd)

-

osas/wq| L' =
o .08
eisd 6| py

J9s8/Wqj LL'E = OM
46901 = 21
eisd /p2y = o4 NNO
9|2Z0N

M

ol
3d

J8s/wq| |'g6 = Bm

50




28s/wql 12 =
H /86
eisd g2y

(53N OF] MO}43)uno))) JUBWAIUDYUT JUBIIAJ-8] JUDISUO)
— ufisaq pwdiayy sequiny) Jpngn] amIpudal)y pag Is3] 4apuvdxy paoupapy gg aindig

eisd (4v)
€05 66€ douq
ainssald
oas/mg (D)
0sgct 06611 uonosloy
jeaH
oN(eA anjea lajpweled
91940 pepipald ue|00)
s
Il sas/wqy 1L€ = oM tehnO
oJfs/wql LL'E = M Jjaquieyd ¥eel = U.F Jjaquiey?)
dGit = o1 m_mﬁ QlpYy =

eisd 2.9y = °d

omm\:-m mmoo ;wnEm:oO .n

208/WQ| |'ZG = BM

N7 = seqn] 091 S=2 0= .
L1 =2 qny coanL ot - ,
Pes/walLE = O ¥ vPEL = liBML
o>> ¥yeeL = ol H L6EL = llem])
eisd Leyy = 2d 18|
u& 1PUNO O|ZZ0N
3|ZZON




23s/Uqg| LL'E = M

eisd gp2p

Y G801

R2i w7

(S2QNL OF1 MO}f12)uno))) JuswadUDYuy JUdILAJ-0F JUDISUO))
— uBisaQ jowiiay ], Jaquinyy iopngn, aanpuUJAg)y pag 353 Japundxy pacupapy g aund g

eisd (d4V)

€05 9y do.Q
aJnssald

ses/mg (D)

0LeCL 09cel uoioaley
jeaH
anjeA anjep J918Wweled
=TieY %) pajoipaid uej00)
3
J8s/Wq| L€ = 9M 18)uy S/w e = oM Jelno
¥GiL = oL ‘9QWeEUD > emvm%m = 0) ‘equeyd
e1sd g/9¢ = od eisdgopy = 9d |
93s/Mg 6.9€ = 9|2ZOUd 09s/Mig 8/G6 = Jaqueysd _.ﬁ :
- - - - - - - - - - - - - J88/WQ| 1°2G = OMm
£12 = 2 seqny 091 S=2Z 0=¢7

3L

°d enno

3|2ZON

98s/Wq| 1£E =
4208 = dvivl = nemy Y levl = jlemy
eisd gLyy = od 181u}

8|2Z0N




The AETB conical nozzle extension is designed specifically for series flow operation with
the milled-passage chamber. The tubular chamber has better thermal performance than the
milled-passage chamber; consequently, both the coolant temperature and pressure entering the
Haynes-230 tubular nozzle are higher for the tubular chamber. This difference results in a slight
overstressing of the Haynes tube at the nozzle exit (94 percent versus 90 percent of yield
allowable). In addition, the ultimate tube temperature margin (UTTM) is 278°R which is slightly
below the 300°R UTTM Pratt & Whitney (P&W) design practice for Haynes-230. By limiting
the chamber pressure to 1450 psia rather than the 1500 psia AETB design point the Haynes
nozzle meets the stress and UTTM design criteria. The designated 1450 psia chamber is still well
above the 1200 psia AETB operating point.

Summarizing, the 140 tube variable enhancement chamber design meets the AETB cycle
requirements. Moreover, the Test Bed chamber will perform satisfactorily whether the tubes
exhibit variable or constant heat transfer enhancement behavior.

B. MECHANICAL DESIGN

Design data for the AETB compatible tubular chamber configuration are presented in
Table 11. The preliminary design concept is shown in Figure 34. The 140 tubes are joined by an
electroformed copper jacket that forms a coolant seal at the tube ends where the inlet and exit
manifolds attach. The jacket seals the cooling passages and accommodates the chamber pressure
thrust loads. The tubes are straight at the nozzle end (coolant inlet) and are capsealed during
electroforming. The tubes are hooked at the injector end (coolant exit). Flow from the hooked
ends continues through holes in the electroformed jacket and into the exit manifold. The hooked
ends provide a smooth and undisturbed flow path for the coolant entering the exit manifold to
minimize exit manifold losses (Figure 35).

TABLE 11. — TEST BED PRELIMINARY DESIGN DATA
Chamber Coolant Liner Material: NASA Z
Chamber Construction: Tubular
Number of Tubes: 140
Chamber Contraction Ratio: 3.0
Divergent Nozzle Area Ratio: 1.5
Chamber Length: 12 in.
Divergent Nozzle Length: 21.3 in.
Throat Diameter: 3.22 in.
Chamber Diameter: 5.56 in.
Chamber Volume: 244 in.
Chamber Wall Surface Area (Injector to Throat): 193 in.
Chamber Characteristic Length, (L*): 29.96 in.
Maximum Hot-Wall Temperature 1459°R
Allowable Hot-Wall Temperature 1460°R

The coolant in the chamber is counterflow. The inlet manifold and exit manifold are similar
in design and are both toric with constant-diameter cross sections. Both manifolds are made up
of inner and outer rings welded together. The combustion chamber inlet manifold and nozzle
inlet manifold bolt together with 0.5-inch diameter through bolts.

The combustion chamber exit manifold also bolts to the injector with 0.5-inch diameter
through bolts. At both combustion chamber interfaces, the seal groove is in the combustion
chamber side. To minimize the blow-off loads, seal diameters are kept to a minimum. The
torroidal plenums of the inlet and exit manifolds are located outside of the bolt circle to allow the
bolt circles to be as close to the seals as possible. To allow access to the chamber coolant tubes a
0.375-inch diameter transfer hole is located between the bolt holes. The size and number of these
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holes creates adequate flow area to minimize pressure drop. Integral standoffs are machined into
the outer rings of the inlet and exit manifolds as a point of attachment for welding coolant
plumbing. The piping connected to both the inlet and exit manifolds is similar. Both manifolds
are welded to long-radius 90° elbows. The inlet manifold elbow is 1.25-inch schedule 80 pipe with
a flow diameter of 1.28 in. The exit manifold is 22.0-inch elbow with a flow diameter of
1.50 inches.

The tube material is a high thermal conductivity copper alloy, either NASA-Z, a silver
zirconium alloyed precipitation hardened copper, or GlidCop AL-15, an alumina dispersion
strengthened copper. The NASA-Z has proven life-cycle fatigue properties and the GlidCop
maintains its strength at temperature above the precipitation temperature of NASA-Z. The tube
maximum hot-wall design point is 1460°R. The tubes have a constant 0.016-inch wall thickness,
and are booked in the throat region and transition to round at both ends. Booking is necessary to
maintain the correct flow area and velocity.

The tubes are capped at the nozzle end with electrodeposited copper (ED-Cu). Entrance to
the tubes is formed by a circumferential channel cut through the copper jacket and outer tube
walls. The cut depth is controlled through the crown of the tubes, but not beyond the
electroformed copper between the crowns, to prevent hydrogen from leaking between tubes to the
coolant side (Figure 36).

At the front end of the chamber, the tubes look radially outward through the jacket. The
inlet and exit manifolds are manufactured as separate assemblies before chamber attachment.
The inner and outer rings are machined, welded together, and then remachined.

The copper tubes are rotodrawn from thick walled cylindrical blanks. They are drawn to a
straight tube with varying circular cross sections and an elongated hourglass shape. The right-
angle bend for the exit is formed, and then the tube is formed to the chamber contour. The
contoured tube is ovalized (booked) at most axial locations except near the ends. The flat sides of
the tubes are angled 2.57 degrees for proper tube tangency. The tubes are then fit around a
mandrel for fixturing during electroforming and subsequent chamber machining. Excess stock is
left on both ends so that the tubes can be held to the mandrel. The tube and mandrel assembly
rotates in a plating tank, where the copper jacket is formed. After the jacket is electrodeposited to
0.500-inch thickness, the ends are machined to accept the inlet and exit manifolds. The entrance
channel is then cut through the jacket and tube crowns. The manifolds are fit 0.000 to 0.004 in.
tight on the copper jacket. Manifolds are either welded or electroformed to the jacket.

At the coolant entrance, the tubes extend to the chamber and nozzle interface. The tubes
are sealed with an electroformed cap. The tube ends are filled with wax, the exposed wax is
activated, and the ends are capped with ED-Cu. This capping may be done before or after the
entrance manifold attachment depending on whether the manifolds are attached by welding or
electroforming.
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Figure 36. Coolant Entrance Through Tube Outer Walls (See View F on Figure 34)

C. STRUCTURAL AND LIFE ANALYSIS

The copper tubular thrust chamber was designed to meet the AETB minimum life design
criteria of 100 cycles and 2.0 hours life. The thicknesses of the ED-Cu jacket and manifolds are
based on design point pressure loads, and sized to provide minimum safety factors of 1.2 yield
and 1.5 for ultimate. A significant thermal gradient exists between the manifolds and attachment
flanges at both the front and aft flanges of the combustion chamber. Selection of a manifold
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material with a low coefficient of expansion (Incoloy 909) reduces the thermal growth differential
between flanges to acceptable limits.

1. Jacket Buckling Analysis
Figure 37 shows the axial load in the ED-Cu jacket based on internal pressure loads on the

chamber and nozzle. A buckling analysis of the jacket determined the jacket has a buckling factor
of 30. Therefore, there is no risk of buckling due to the compressive axial load at the throat.

20,000 —
15,000
10,000
Axial
Load - 5.000
b Axial Load Based on Nozzle

Load and Chamber Pressure

0 N
-5,000 —
Throat
ool L 11 ] |1
-12 -10 -8 -6 -4 -2 0 2 4 6

Axial Distance - in.

Figure 37. Advanced Expander Test Bed Tubular Chamber Structural Jacket Axial Load
Distribution

2. Liner Life Analysis

Review of prior combustion chamber liner failures indicate failures typically occur slightly
upstream from the throat. This is usually the region of maximum heat flux and largest
temperature gradient between the liner and structural jacket. Figure 38 shows the average
temperature of the tube wall and the coolant temperature. The electroformed copper jacket
temperature is assumed to be equivalent to the coolant temperature. As indicated in Figure 35,
the maximum thermal gradient between the liner wall and the jacket occurs 1.0 in. upstream of
the nozzle throat (Z=1.0 in.); therefore, this location was selected as the potential life-limiting
location for the tubular liner.

The tube wall was assessed for low-cycle fatigue (LCF) life and stress rupture life. The LCF
life assessment is based upon the calculated concentrated strain at steady-state conditions.
Minimum strain is assumed to be zero, since no transient analysis was performed. Steady state
strains are dependent upon the mechanical and thermal loading within the tubes and jacket.
Mechanical loads are caused by coolant static pressure and combustion static pressure at the
appropriate axial location. Thermal loads are dependent upon the temperature distribution
within the tube and attached structural jacket. Steady-state isotherms for the two-dimensional
temperature model at Z = —1.0 in. are shown in Figure 39. The structural model (Figure 40)
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shows temperature effects, in addition to the pressures and boundary conditions. Using
symmetry, the structural analysis was accomplished using half a tube and the corresponding arc
length of the structural jacket.

1200 — Average Tube Max DT2
Temp (Tavg) /~{:—
1000 — \
800 — \
600 —
1‘_°‘V9 W:IL Differential Temp
emp a 400 — -T
Deita Temp - 00 ~ (Tavg - Te)
of [ \\
20— S Coolant
Temp
o— TF \ (TC)
-200 }—
\
—
-400 Tavg] l ' —~
-15 -10 5 0 5

Axial Station Along Tube - in.

Figure 38. Advanced Expander Test Bed Alternative Tube Chamber Coolant and Tube
Temperature Profiles
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Figure 39. Tube Isotherms 1.0 in. Upstream of Chamber Throat (Z=-1)
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Figure 40. NASTRAN Two-Dimensional Structural Modes

The electrodeposited jacket provides structural support to the tubular liner and bonds the
tube bundle together, thus eliminating the need for a brazed tube assembly. As seen in Figure 40,
the copper jacket/tube bond joint was assumed to occur along the upper surface of the tubes, and
not along the flat tube sides. Therefore, the tube sides are allowed to deflect tangentially based
upon the gap between tubes. Figure 41 shows that the tube side deflects tangentially 0.00125 in.
for combined thermals and pressure. This deflection is primarily caused by the rounding of the
tube from the internal coolant pressure. A significant amount of bending stress occurs at the
liner side of the tube, as shown by the major principal stress contour plot in Figure 42. An elastic
maximum principal stress of +91 ksi occurs on the coolant side of the tube liner wall. This stress
is well over the minimum yield strength of 15 ksi for that location. However, assuming the tubes
have deflected enough to consume the tangential gap between tubes, no further yielding is
expected to take place, since the tube will be constrained from any further rounding. This
approaches a deflection-controlled problem, based on gap size, and therefore the resulting strain
is approximately equivalent to the total strain. The corresponding Von Mises total strain is
0.60 percent on the coolant side and 0.68 percent on the chamber side of the liner wall.

The LCF life ui the NASA-Z tube wall is based on the predicted strain range, temperature,
and material LCF characteristics. Typical LCF characterization for NASA-Z (Reference 3) is
plotted in Figure 43. Using these data, the strain range of 0.68 percent o.. the hot wall will result
in an acceptable LCF life of 3660 cycles. The average pressure induced stress across the tube wall
results in an acceptable 10 hour stress rupture life.
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Figure 41. Tube Tangential Deflection
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Figure 42. Principal Stress Contour Plot
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Figure 43. NASA-Z Low-Cycle Fatigue — Tube Chamber Versus Milled Chamber

3. Milled Chamber Life Comparison

A comparison to the milled chamber design was made to estimate the potential life
improvement for a tubular liner design. The milled chamber geometry, temperatures, and
pressures are based on an equivalent milled chamber design (i.e., the AETB baseline thrust
chamber). An AETB chamber axial location 0.64 in. upstream of the nozzle throat was selected
using the same criterion as the tube chamber: maximum thermal gradient between the coolant
and the average hot wall temperature. The milled chamber was analyzed using the simplified life
prediction method defined in NASA CR-168261 (Reference 4). The Von Mises strain and
corresponding LCF life comparison are presented in Table 12. This comparison indicates a
tubular chamber design is plastically strained much less than a milled chamber design, and thus
will tolerate more firings before crack initiation.

TABLE 12. — VON MISES STRAIN AND CORRESPONDING LCF LIFE
COMPARISON
Hot Wall Normalized
Configuration Temperature Strain LCF Life Life
Tubular 1000°F 0.68% 3660 Cycles 10 X
Milled 1000°F 22 % 350 Cycles 1 X

The analysis approach employed is limited, and may not predict the actual life of the
hardware for several reasons. First, the high plastic strains caused by thermals and pressures
may be more accurately calculated using a plastic rather than elastic finite element approach.
Also, due to the high compressive stress and temperature, creep relaxation should also be
considered in the analysis approach if the combination of dwell time, temperature, and stress is
sufficient to initiate material creep. Secondly, since fatigue life is dependent upon the total strain
range the material experiences throughout an entire firing cycle, a complete cycle should be
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evaluated, rather than only a steady-state condition. Ideally, this should include transient
temperature, pressure, and boundary conditions for chilldown, start, steady state, and shutdown.
This analysis approach is considerably more tedious and costly than the elastic analysis method
used here, and still has some uncertainty. The method employed is believed to provide a valid
relative comparison.

The membrane and bending stress/strain distribution within the tube is highly sensitive to
assembly clearance between tubes. For comparison, the structural model was run with tangential
boundary constraints along the flat side of the tube to simulate a zero clearance between tubes.
Results show the bending stress across the ID of the tube reverses direction and becomes highly
tensile on the chamber side and compressive on the coolant side. Thermals tend to govern the
stress distribution within the tube ID when no gap exists between tubes and pressures tend to
control stresses when there is a 0.0025-inch clearance (2 X 0.00125 in.) between tubes. Thus,
accurate prediction of tube stress-strain history and subsequent LCF life is dependent upon the
clearance between tubes. However, either condition still results in much lower strains than the
2.2 percent predicted for the milled-chamber design.

Currently, P&W is developing a life prediction methodology for tubular thrust chambers
that will address the above concerns. This methodology will be used to predict the cyclic life of
subscale tubular chamber designs to be tested at NASA-LeRC. Results of the testing will be used
to correlate the life prediction methodology.
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SECTION V
RECOMMENDATIONS

Results of this study have shown a significant performance and life advantage for tubular
copper thrust chambers over milled channel chambers in expander cycle space engines. On the
basis of these results, the development of tubular copper thrust chambers should be vigorously
pursued as key technology for such engines. Specific areas that should be addressed include the
following:

+ Development of tube bonding techniques (i.e., electroforming, plasma spray-
ing or brazing) that do not significantly compromise copper properties

« A more detailed analysis and experimental confirmation of the low-cycle
fatigue and creep rupture life improvement of tubular construction relative to
milled channel construction

+ Experimental determination of the heat transfer enhancement associated
with tubular construction and development of better models to scale results
from these tests.

Some of the above work is already on-going in NASA-Lewis Research Center programs of
analysis and subscale testing. A logical extension of this work would be the design, fabrication,
and test of a full-scale thrust chamber. The design prepared under this program is aimed at
providing a thrust chamber that would be suitable for this purpose and compatible with the
Advanced Expanded Test Bed (AETB).
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APPENDIX A

DETAILED CYCLE DATA

TABLE A-1. — OPTIMIZED SPLIT EXPANDER

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1756.9
VAC ENGINE THRUST 25000.
TURBINE PRESSURE RATIO 2.20
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. ISP 480.1
THROAY AREA 6.9
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 96.20
ENGINE MIXTURE RATIO 6.60
ETA Ce 0.993
CHAMBER COOLANY. DP €24.
CHAMBER COOLANT DT 7%0.
NOZZUE/CHAMBER Q 16357,

ENGINE STATION CONDITIONS

® FUEL SYSTER CONDITIONS a

STATION PRESS TEwP FLOM ENTHALPY DENSITY
B.P. INLETY 18.6 37.4 7.4% -107.5 4.37
8.F. EXIT 100.8 318.5 7.45 -103.0 4.3
PUMP IMLET 100.8 38.% 7.4 -303.0 4.3
1ST STAGE EXIY 2370.% 71.% 1.45 41.9 4.61
JBV INLET 2323.1 71.9 2.60 €1.9 €.38
JBV EXIT 19746.6 76.6 2.60 €1.9 £.1%
2ND STAGE EXIT 3782.8 9.3 -.8% 128.9 €.66
PUMW EXIT $189.1 108.3 4.85 214.6 «.52
COOLANT INLET 5137.2 108.8 $.85 214.6 4.50
COOLANTY EXIT “r12.8 898.9 4<.8% 3174.5 0.87
BV INLET 6665.7 899%.2 8.2¢ 317¢.% 0.86
T8y EXIT 2067.6 146.9 0.2¢4 3174.5 8.40
02 TR8 INLET €665.7 999.2 £.61 3174.% 0.86
02 TR® EXIT 4130.5 a77.2 4. 61 3083.4 8.79
2 TRB INLETY €130.% 077.2 6.61 3o8s.46 8.79
H2 TRS EXIT 2193.4 722.5 .61 2667.6 8.50
H2 TRB CIiFFUSER 2165.0 1s2.6 4.61 2667.6 0.49
H2 BST TRB IN 2143.3 772.6 6.61 2667.6 0.49
H2 8ST TRB OUT 2119.% 170.8 4.61 2660.3 0.4
H2 BST TRB DIFF 2112.% 770.9 4.61 2660.3 0.48
02 BST TRB IN 209%1.4 771.0 4.6} 2660.3 0.48
02 BSY TRE OUT 2079.0 170.0 6.6} 2656.3 8.48
02 ST TRR DIFF 2078.0 770.0 4.61 2656.3 0.4C
H2 TANK PRESS 18.6 789.9 0.0076 2682.2 0.004¢
GOX MEAT EXCH IN 2067.6 177.4 £.86 2682.2 0.47
GOX MEAT EXOM OUT 2057.2 176.8 4.846 2680.1 0.47
MIXER MOT 1IN 2057.2 776.8 £.86 2680.1 0.47
MINER COLD IN 19746.6 76.6 2.60 41.9 6.15
MIXER OUT 1954.4 51%.0 7.64 1759.2 0.65
FSOV INLET 1954.¢ S1%.e 7.64 1759.2 0.6
FSOV EXIT 1905.5 520.0 7.6¢6 1759.2 0.66
CHAMBER INJ 1986.5 520.9 7.64 1759.2 6.63
CHAMBER 1754.9
® OXYGEN SYSTEM COMDITIONS »
STATION PRESS TOw FLoM ENTMALPY DENSITY
B.P. INET 16.0 162.7 €“.7 .- 61.9 70.99
8.P. EXIT 135.2 165.3 4.7 2.3 10.86
PP TMLET 135.2 165.3 6“%.7 2.3 70.8¢
P EXIY 2862.1 179.¢ .7 7.7 11.38
02 TANK PRESS 16.9 400.0 0.07¢ 204.7 0.12
0Sov IMLETY 2813.7 178} 6.7 ”n.? 71.3%¢
osov EXIT 196%.6 181.4 6.7 n.7 10.03
ocV INLET 2813.7 1701 37.9 n.7 7.3«
ocY EXIT 1969.6 181.4 37.9 n.z 70.03
CHAMBER INJ 1969.9 181.% “.é n.? €9.99
CHAMBER 175¢.9

8 VALVE DATA ¢

VALVE DELTA P AREA Ao X BYPASS

JBv 348 0.10 2.60 34.87
TRV 25% . 0.01 0.2¢ $.00
FsSOov £9. 1.92 7.44
ocv 964, 0.23 £6. 64

» INJECTOR DATA e

INJECTOR DELYA P AREA Ao
FUEL 132, 1.22 7.64
LOX 195. 0.57 44 .64




TABLE A-1. — OPTIMIZED SPLIT EXPANDER (CONTINUED)

GESENANGASNSNNAUENEREILESESUESERaRES

o TURBOMACHIMERY PERFORMAMCE DATA o

a 2 BOOST TURBIME «

enscscssnssssssnsane
EFFICIONGCY (T/T) 0.064
EFFICIEONCY (1/5) 0.419
SPEED (RPU) &),
MEAN DIA (91 }} 1.86
EFF AREA ey 1.97

us/c (ACTUAL)  0.5S3
MAX TIP SPEED €32.
STAGES )
GAMMA 1.¢0

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.02

HORSEPOWER 8.
EXIT WACH MUMBER 0.07
SPECIFIC SPEED 131.81

SPECIFIC DIAMETER 0.6%

.2 TURBINE ®

EFFICIENCY (T/T7) ©.832
EFFICIENCY (T/5)  0.811

SPEED (RPHW) 125000.
HORSEPOMER 2nt.
MEAN DIA. (8 }] 2.n
EFF AREA () 0.24
(1743 (ACTUAL)  0.469
MAX TIP SPEED 1602.
STAGES 2
Car 1.40

PRESS RATIO (T/T) 1.8
PRESS RATIO (T/3) 1.92
EXIT MACH MPGER 0.1¢
SPECIFIC SPEED 37.%1
SPECIFIC DINETER 1.7

EFFICIOEY (T/T) 0.87%
EFFICIBCY (T73) Q.79

SPEED (RPR) 11043
MEAN DIA (§ L H $.1)
EFF AREA () 2.7%
we (ACTUAL)  0.383
MAX TIP SPEED 2.
STAGES 1
GArw 1.40

PRESS RATIO (T/T) 1.e1
PRESS RATIO (T/S) 1.0

HORSEPCMER 26.
EXIT MACH WUNGER 9.08
SPECIFIC SPEED 67.53

SPECIFIC DINETER 1.23

fnsqssacsaguss
EFFICIOCY (T/T) 0.8%9
EFFICIOCY (1/3) 0.829
SPEED PN) 6Bles.
HORSEPOMER $9%¢.
MEAN DIA Iw) 2.717
€EFF AREA ) e.32

e (ACTUML)  0.547
MAX TIP SPEED .S,
STAGES 2
GAMMA 1.40

PRESS RATIO (T/T) 1.13
PRESS RATIO (T/3) 1.13
EXIT MACH WMSER e.07
SPECIFIC SPEED $0.63
SPECIFIC DINETER 1.58

S M2 SODST PUNWP =

Sessnananes
EFFICIENCY
HORSEPOMER
SPEED (RFN)
S SPEED
HEAD (FT) .
Dia. (In) 2.43
TP SPEED €39,
VOL. FLOM 761,
HEAD COEF 9.458
FLOM COEF e.201

STAGE OE STAGE WD STAGE MMREE

EFFICIENCY 0.5 0.677 9.677
HORSEPOMER 152¢. 59%. S87.
SPEED (RPM) 125000. 125000. 125000.
SS SPEED 11322,
S SPEED 765, -=l. o-.7.
HEAD (FT) 76233, 4585E. 45077.
DIA. (IN) 3.84 3.10 .10
TP SPEED 2097. 1693. 1692.
voL. FLOM 759, <88 <81.
MEAD COEF 9.943 0.51% $.504
FLOW COEF .09
DIAMETER RATIO ..328
BEARING DN 3.00€°06
SMAFT DIAMETER 24.00

A-2

I CI BOUST PUIOP

EFFICIENCY 0.764
HORSEPOMER 26.
SPEED (nru) Py 3 N
S SPEED 3626¢.
HEAD (FT) 242.
DlA. 1) 2.73
TIP SPEED 132,
voL. FLOW =3,
MEAD COEF 8.458
FLOM COEF 8.200

Aussasnsese

*e R POV =

ueenseesend
EFFICIENCY .77
HORSEPOMER S94.
SPEED [{ o }] @164,
$S SPEED 22656.
S SPEED 1800.
HEAD (FT) S48,
DIA. (1) 2.16
Tir SPEED 2.
vOL. FLOM L.
HEAD CUOEF 8.42¢
FLOM COEF 4.153
DIAMETER RATIO 0.681
BEARING DM 1.36E+06

SHAFT DIAMETER 0.0




TABLE A-1. — OPTIMIZED SPLIT EXPANDER (CONTINUED)

* CHAMBER & NOZZLE HEAT TRANSFER o

ss CHAMBER DESIGN =u

CHAMBER FATL/TYPE COPPER/TUBULAR
WDA (LBM/SEC). CHAMBER FLOM €.85
oPIr (PS°D). INLET DELTA P €9.1%
OP (PSID}. CHAMBER DELTA P 205.74
DPEX (PSID). EXIT DELTA P 98.23
OPL (PSID). YOTAL DELTA P 353.11
QTOT (BTU/S). HEAT TRANSFER 10710.84
OTO4 (R). DELTA TEMPERATURE 578.52
UTTH. UWLTIMATE TEMP MARGIN 156.75
PRYS. MAX STRESS RATIO $8.20

THMOY. MAX MOT WALL TEMPERATURE 1431.53
UTTS. THROAT MAX TEMPERATURE 1127.50

ASP., ASPECT RATIO ) 3.00
21 (IN). CHAMBER LENGTM 15.2%
AR1. CONTRACTION RATIO 5.00
TN. NUMBER OF TUBES 120.00
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TABLE A-2. — OPTIMIZED FULL EXPANDER WITH REGENERATOR

ENGINE PERFORMANCE PARMNE TERS

CHAMBER PRESSURE 21%0.9
VAC ENGIME TrRUST 28000.
TURBINE PRESSURE RATIO 2.2%0
TOTAL EMGINE FLOW RATE s2.07
DEL. vac. (S 480.1
TIROAT AREA 5.6y
NOIZLE AREA RATIO 1000.¢0
NO2ZLE EXIT DIAMETER e5.1%
ENGIME RINTURE RATIO .00
€TA Ce 0.993%
CHANBER COOLANY DF 56
CHAMBER COOLANT DT 58¢.
NO2ZLE/7CHAMBER Q 16189,

ENGIME STATION CONDITIONS

® FUEL SYSTEM CONDITIONS «

STATION PRESS \ ({4 FLOM ENTHALPY DENS1TY
9.P. INLET 18.¢ 17.4 7.45 -102.8 .37
8.7, EXIT 100.8 19.% ?.48 -1035.0 «.39
PUP INET 100.8 m.s 7.48 -105.0 €.39
IST STAGE EXIT 2338.0 10.6 7.68 38.7 €.41
2%D STaGE EXIY €$52.2 101.1 7.48 1. .48
POP EXIT e776.6 129.7 7.45 318.8 4.5?
COLD REGEW IN ¢700.8 130.2 7.648 s18.8 €.5%
COLD REGEN EX 61,7 29¢.7 7.48 %9y.¢ 2.88
COOLANT INMLETY c6el.7 2.7 7.68 %Y. ¢ 2.83
COOLANT EXIT s785.6 ers. 6 7.45 312%.7 1.06
TRV INLET $221.2 ers.Y 0.37 3123.7 1.0¢
™V EXIT r482.7 .99.4 0.37 31237 0.69
02 TAB IMLET “127.7 ere.¢ 7.97 $128.7 1.06
02 TR Extv s177.8 861.6 .97 3050.2 0.9
2 TRS IMLET s177.¢ 0%61.6 r.87 3050.2 .
2 TAS EX1T 2632.2 7534 1.9? 2609.8 0.¢1
W2 TRB DIFFUSER  2%92.7 753.4 1.0 2609.8 0.40
" ST TRP IN 2566.7 783.4 1.07 2609.8 e.60
2 BST ™S OUT 2546.6 1%2.6 r.97 2604.7 .99
2 93T taB DIFF  2831.9 2.7 1.9 2604.7 [ 1}
02 BST RS IN 2504.¢ 2.8 1.7 2606.7 0.58
02 8ST ™R OUT 269%¢.¢ 2.2 1.97 2602.2 e.85¢
02 BST RS 04FF  249%.2 782.2 ’..07 2602.2 0.58
2 TANK PRESS 18.6 776.8 e.0077 2620.2 0.004S
Q0% MEAT EXTM IN  2482.7 7%9.4 7.46 2028.2 .57
GOX MEAT EXCM OUT 2470.3 59.3 7.44 262¢.9 0.87
MOT REGEW IM 2470.3 789.8 7.46 262¢.9 0.87
HOT REGEW EX 239¢.2 s81.% 7.64 1992.2 0.71
SOV (WMLET 2396.2 sa) . 7.44 1992.2 0.7
£30V ExXIT 2336.3 sal.0 7.44 1992.2 0.49
CweEr 2312.9 s81.9 7.44 1992.2 0.60
CHAMBER 2180.9
® ONYGEW SYSTEW COMDITIONS =
STATION PRESS O LOM MTMALPY DENSITY
8.P. IWET 16.0 162.7 4.7 6.9 70.9¢
8.P. EXIT 138.2 165.3 .7 T 2.3 70.8¢
OO ILET 138.2 165.3  ° es.7 2.3 70.9¢
U ExIT 3483.5 101.9 .7 1.0 71.e0
02 Tax PRESS 6.0 €00.0 0.02¢ 206.7 0.12
asov IET 3648.7 181.2 6.7 6.0 71.43
oSOV Exit 2¢16.1 108.8 6.7 7.0 69.0%
ocY 1M EY 34¢8.7 181.2 $7.9 7e.9 71.43
ocY EXIT 2614.1 188.8 17.9 1.0 .85
oweEr 1 2389.9 108.4 .“.¢ 76.0 .01
CWBER 21%0.9

® VALVE DATA ¢

VALVE DELTA » AREA on T BYPasS
wv 3248. 6.01 0.5 $.00
(47 0. 1.66 7.4
ocv 1038, 0.21 .63

o INJECTOR DATA o

INJECTOR DELTA ¢ AREA FLON
FuEL 162. 1.08 7.64
Lox 239, 0.%52 44,63




GENERATOR
TABLE A-2. — OPTIMIZED FULL EXPANDER WITH RE
(CONTINUED)
...I"..ll'...’....I.l..l..ll.!...l
® TURBOMACHINERY PERFORMANCE DATA »
- GEQEPreNseNTRNGOTRQUYRSYS .
Sesevssecaane - .'..l..."...."l
* X2 BOOST TURBIME " N2 BOOST P o
euesfeescacsePuaaaan SheseBusEINEORNR S
EFFICIENCY (T/T)  o.91S EFFICIENCY 0.768
EFFICIENCY (T/3)  0.413 MORSEPOMER <.
sPeED are)  g13%0. SPEED  (wew) «13%0.
WEAN DIA awm 1.46 3 sPEED sees.
EFF amEA  (1M2) 2.9 WEAD k1) 2701,
usc (ACTUAL)  0.%31 Dia. (1 2.43
MAX TiP SPEED 3s0. T1P SPEED a3y,
STAGES 1 vOoL. SLOM 761,
[T Y 1.62 MEAD COEF 0.450
PRESS RATIO (T/T) 1.00 FLOM COEF 0.20)
PRESS RAYIO (/%) 1.02
MORSEPOMER ..
EXIT HACH NUMBER 0.09
SPECIFIC SPEED 169,69
SPECIFIC DIAMETER 0.51
LI TZAIIIITTYY) aecsesviere
K2 TURBINE ¢ 2 PUP o
LA LI I T YY) Sevwecsasgon
STAGE OME STAGE TMO STAGE THREE
LLLA YT T 1Ty VESAIUNDL DOEIVOBERNGY
EFFICIBNCY (T/T) 0.847 EFFICIENCY 0.461 0.662 0.662
EFFICIENCY (T/3)  0.82% HORSEFOMER 149s. 1489, 1448.
SPEED (RPH) 125000. SPEED (RPM) 125000. 125000, 125000.
HORSEPOMER 11 SS SPEED 11320.
MEAN DIA. an 5.29 S sPEED 778, .. 779
€FF AREA  (IN2) °.28 HEAD (FT) 12921, 71837. 70760.
vse (ACTUAL)  0.840 O1A.  (IN) 3.8 5.81 3.81
MAX TIP SPEED 1987, T1P SPEED 2000. 2089, 2081.
STaces 2 voL. FLOM 87, 77, 1.
Gaen 1.42 HEAD COEF 0.5¢2 0.536 0.52¢
PAESS RATIO (V/T) 197 FLOM COEF 0.098
PRESS NATIO (T/3) 2.0 OIAMETER RATIO 0331
EXIT MACH MAGER e.1¢ SEARING DN 3.80E06
SPECIFIC SPEED 40.66 SHAFT DIAMETER .90
SPECIFIC DIAMETER t.9

* 02 SOOST TURBINE «

* 02 POOST PP »

EFFICIENCY (T/T) .87 EFFICICY 9.74¢
EFFICIENCY (T/8) 0.732 HORSEPOMER 2.
b g ] (RPM)  J10¢6. SPEED (mPw) 11044,
MEAN DA ) 4.1 S SPEED 3026,
EFF AREA (21 -2 4.2¢ HEAD ) 242,
ysC (acTuaL) 0.8%2 DlA. 18 L} 2.73%
RAX TiP SPEED 234 . TiP SPEED 182,
STAQES ) VOL. ALOMW 28s.
s 1.42 MEAD COEF 0.4%0
PRESS RATIO (V/1) 1.00 FLOW COEF 8.200
PRESS RATIO (T/3) 1.00
HORSEPOMER 26.
EX1IT MACH MABER e 08
SPECIFIC SPEED % .2¢
SPECIFIC DIAMETER .87

wesvven L1} ssavesssene

* 0 TURDINE o " 02 PP o

LLITIITITY TIT T scuvnesvene
EFFICIENCY  (T/T) 0.4%«¢ EFICIDGY 0.74%
EFFICIENCY (T/3) 8.806 HORSEPOMER 736
SPEED *PM) 73%08. SPEED (wPM) 73500,
MORSEPOMER 7%6. 33 SPEED 26428.
"EAN DA (81 )] 3.29 S SPEED 1655
EFF AREA ) 0.43 MEAD (FT) 6743,
u/sc (ACTUAL) 6.580 DiA, m) 2.1y
MAX TiP SPEED 1118, T1¢ SPEED r02.
STAGES 1 VOL. FLOM ..,
GAA 1.62 MEAD COEF 0.440
PRESS RATIO (T/7) .11 FLOM COEF 0.1¢7
PRESS RATIO (T/3) 1.3 DIAMETER RATIO 0.677
EXNIT macH MABER 0.09 BEARING DN 1.47€0¢
SPECIFIC SPEED €2.2% SHAFT DIAMETER 20.00
SPECIFIC DIAMETER L.08

REGENERATOR Data
esspsesasensevee

coLD si0E MOT SIDE
oELr 67.99 .11
oeLY 166.49 -177.83
AREA 0.4 1.68
FLoM 7.48 7.64
EFFECTIVENESS [ 9]
Wty (XY .
Ccrat10 .92 A-5
o 2658
REGEN @ €720.%




TABLE A-2. — OPTIMIZED FULL EXPANDER WITH REGENERATOR
(CONTINUED)

se CHAMBER DESIGN *°

CHAMBER RATL/TYPE COPPER/TUBUL AR
CASE MUMBER 1.0
MDA (LBM/SEC). OWBER FLOW 7.48
OPIN (PSID). INLEY DELTA P 152.77
o (PSID). CHAMBER DELTA P 442.15%
OPEX (PSID). EXIT DELTA P 160.11
OPT (PSID). TOTAL DELTA P 755.02
QTOT (BTU/S). MEAT TRANSFER 12410.5%
OTCH (R}, DELTA TENPERATURE 460.9¢
UTTH. W TIRATE: TENP MARGTN 100.82
PRYS. MAX STRESS RATIO nN.%7

THOT. MAX HOT NALL TEMPERATURE 1430.15
UTTS. THROAT MAX TENPERATURE 1401 .49

ASP, ASPECT RATIO 3.00
21 (IN). CHAMBER LENGTH 18.00
ARY. COMTRACTION RATIO 3.40
TH. HUMBER OF TUBES 100.00
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TABLE A-3. — SPLIT EXPANDER—35-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1758.1
VAC ENGINE THRUST 250Q00.
TURBINE PRESSURE RAT!O 1.96
TOTAL ENGINE FLOW RATE s2.08
DEL. VAC. ISP 480.1
THROAT AREA 6.9
NOZ2LE AREA RATIO 1¢00.0
MOZZLE EXIT DIAMETER 9%.12
ENGINE MIXTURE RATIO 6.00
ETa C» 0.993
CHAMBER COOLANT DP 622.
CHAMBER COOLANT DT 883,
NOZZLE/CHAMBER Q 15894.

ENGINE STATION CONDITIONS

s FUEL SYSTEW CONDITIONS =

STATION PRESS TEW FLOW ENTHALPY DENSITY
8.P. INLET 18.6 37.46 7.48 -107.5% 4.%7
8.P. EXIT 100.5 38.% . 7.48 -103.0 6.39
PUIP INLET 100.5 8.5 7.65 -103.0 .39
IST STAGE EXIT  2376.9 71.6 7.45 2.3 .41

JOV IMET 2327.4 12.0 2.60 2.3 .38

JeV EXIT 1978.3 6.7 2.60 €2.3 6.1s
2MD STAGE EXIT 3622.9 7.8 .85 117.3 .47
P EXIT «@arn.2 102.9 4.85 191.3 £.83
COOLANT 1aLEY “822.5 103.¢ 4.8 191.3 .81
COOLANT EXIT 42005 2.56.4 .85 3468.6 [ -

TSV INLET 4158.5 6.7 0.26 3468.4 0.72

BV EXIT 2072.2 1601.1 0.26 3468.6 0.37
02 TS IMEY <158.5 .%6.7 .61 3468.4 0.2
o2 TRS EXIT 3723.2 93.6 4.61 3377.1 0.66
H2 TRB IMLET 3728.2 2%3.6 4.6} 3377.1 0.66
o RE EXIT 2191.¢ 862.1 €.61 2985.4 e.¢s
K> TRB DIFFUSER  216S.8 862.8 .61 2985.6 0.44
2 BST TRB IN 2144.2 862.3 4.61 2985.¢ 0.64
2 BST TRB OUT 2122.8 860.5 <.61 29781 0.44
M2 BST TRB DIFF  2115.9 aco.¢ 4.6 2978.1 0.44
0z BST T8 I 2096.7 860.7 %.61 2978.1 0.43
02 BST Tms OUT 2083.6 859.6 <.61 2976.2 0.43
02 ST TRB DIFF  2082.6 859.7 %.61 2974.2 0.43

H2 TANK PRESS 18.6 80.1 0.0068 2998.9 06040
GOX HEAT EXCH INK 2072.2 066.7 <.8¢ 29%8.9 0.42
GOX MEAT EXCHM OUT 2061.9 866.2 .86 29%6.8 6.42
MIXER MOT IN 2061.9 066.2 .86 29%.8 0.42
MIKER COLD IN 1978.3 76.2 2.60 2.3 6.1
MIXER OUT 1958.8 $76.3 7.46 1965.7¢ 0.59
FSOV 1MET 1958.8 576.3 7.44 1965.7 0.59
FSOV EXIT 1909.8 $76.6 7.6% 1965.7 0.8
CHAMBER [NJ 1890.7 $76.7 7.44 1965.7 0.87
CHAMBER 1758.1

® OXYGEN SYSTEN COMDITIONS «

STATION PRESS TErP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 6.7 61.9 70.99
B.P. EXIT 155.2 165.3 6.7 €2.3 70.84
PUMP TNLET 135.2 165.3 .7 €2.3 70.86
PUr® EXIT 2847.4 178.0 &6.7 7.7 71.39

02 TANK PRESS 16.0 <00.0 0.07¢ 204.7 9.12
0SOV INLET 28189 178.2 6.7 n.z n.w%
osovV ExIT 1973.2 181.% 6.7 n.? 19.02
ocvV IMLET 2818.9 178.2 37.9 1.7 71.34
ocv EXIT 1978.2 181.% 37.9 71.7 70.02
CHAMBER INJ 1953.% 181.5 6.6 n.z €9.99
CHAMBER 1758.1

® VALVE DATA =

VALVE DELTA P AREA FLOM % BYPASS
8V 349. e.10 2.60 34.87
T8V 208¢. 0.01 0.2¢ $.00
Fsov «9. 2.02 7.4¢
ocv 0. 6.2% .66

® INJECTOR DATA ¢

INJECTOR DELTA P AREA FLOM
FUEL 133. 1.28 7.4¢
1Lox 195. 0.57 66,64




TABLE A-3. — SPLIT EXPANDER—35-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT (CONTINUED)

¢ TURBOMACHINERY PERFORMANCE DATA =

afceaBanENSREARNINES aeGAsssaNsREsasny

® H2 SOOST TURBINE « * H2 BOOST PUMP

adNeEANESsAssNdAgEERan Ssaasesseesasssas
EFFICIENCY (T/T)  0.86] EFFICIENCY 0.76¢6
EFFICIENCY (T/S) 0.59% HORSEPOMER 8.
SPEED (RPM) 41262. SPEED  (RPH) €1262.
MEAN DIA ) 1.86 S SPEED 3049.
EFF AREA ) 2.20 HEAD F7) 2689.
usC (ACTUAL)Y 0.553 DIA. [$ L }] 2.43
HAX TIP SPEED «37. TiP SPEED 438.
STAGES 1 VOL. ALON 761.
Garen 1.62 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.201

PRESS RATIO (T/3) 1.01
HORSEPOMER 8.
EXIT MACH NUMBER .07
SPECIFIC SPEED 135.63
SPECIFIC DIAMETER 0.63

asnsussacanana sesasuasane
"2 TURBINE = .2 e e
susseanssavsan assesssanas

STAGE ONE STAGE YWO STAGE THREE

EFFICIENCY (T/T)  0.8642 EFFICIENCY 0.¢s8 6.693 0.6%¢
EFFICIONGY (T/S)  0.81% HORSEPOHER 1531, sis. sos.
SPEED (RPM) 125000. SPEED (RPW) 125000, 125000. 125000.
HORSEPOMER 2sSS. SS SPEED 1135¢.
MEAN DIA. ) 2.7 S SPEED 764, %7, 970.
EFF AREA (373 0.27 HEAD (FT) 74401, £0692. 39952.
usc (ACTUAL)  0.486 DIA. (1) 5.8 2.9 2.9
MAX TIP SPEED 1620. TiP SPEED 2099, 1603, 1605.
STAGES 2 vaL. FLoM 758, <87, <81.
GAMA 1.62 HEAD COEF 0.543 0.507 ©.500
PRESS RATIO (T/T) 1.70 FLOM COEF 0.0%
PRESS RATIO (T/S) 1.73 DIAMETER RATIO c.328
EXIT MACH NUNBER 0.13 BEARING DM 3.80E+06
SPECIFIC SPEED 41.78 SHAFT DIAMETER 26.00
SPECIFIC DIANETER 1.68
GYeREcEGaNSARVENGNEN TasCEcassgEaIseNeEd
€ 02 BOOST TURBINE Q2 BOOST PUNP =
SeqssssesEsNEAnn na asssssasasn 111}
EFFICIENCY (T/T)  0.87¢ EFFICIENCY 0.76&
EFFICIENCY (T/S)  0.78S HORSEPOMER 26.
SPEED (RPM) 11043, SPEED (RPN} 11048,
MEAN DIA (1K) s.11 S SPEED 3026.
EFF AREA (IN2) 3.06 HEAD FT) 262.
usc CACTUAL)  0.558 DIA. ) 2.73
MAX TIP SPEED 273. TIP SPEED 132.
STAGES 1 voL. RN 283.
GAlw 1.62 MEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOMER 26.
EXIT WMACH NUMBER c.03
SPECIFIC SPEED 70.95
SPECIFIC VIAMETER 1.17
seesnssaay ns aAsenangsseas
s a2 TURRINE o 2 Frar -
aSENscsaNaARasaN LIEIIITTIT] ]
EFFICIENCY (T/T)  0.863 EFFICIENCY 0.747
EFFICIENCY (T/$)  0.829 HORSEPOMER 595,
SPEED (RPMY 68217, SPEED  (RPN) 8217
HORSEPOMER $95. SS SPEED 22678,
MEAN DIA (N 2.79 S SPEED 1799,
EFF AREA (2) 0.39 ' HEAD (F7) 5469,
v/C (ACTUALY  0.850 DIA. (N 2.1¢
MAX TIP SPEED . 89%6. TIP SPEED €3,
STAGES 2 vOL. FLOW 281.
GArMMA 1.642 - HEAD COEF 0.62¢
PRESS RATIO (T/T) 1.12 FLOW COEF 0.153
PRESS RATIO (T/S) 1.12 DIAMETER RATIO 0.681
EXIT MACH NUMBER 0.07 BEARING ON 1.36€+0¢
SPECIFIC SPEED $5.71 SHAFT DIAMETER 20.00

SPECIFIC DIAMETER 1.4%
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TABLE A-4. — FULL EXPANDER WITH REGENERATOR—30-PERCENT
ENHANCEMENT

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 2164.3
VAC ENGINE THRUST 25000.
TURBINE PRESSURE RATIO 2.200
TOTAL ENGINE FLOW RATE $2.07
DEL.. VAC. ISP 480.1
THROAT AREA s.71
NOZZLE AREA RATIO 1600.0
NOZZLE EXIT DIAMETER 95.28
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOLANT DP 1119,
CHAMBER COOLANT DY 619.
NOZZLE/CHAMBER Q 17078.

ENGINE STATION CONDITIONS

s FUEL SYSTEM CONDITIONS =

STATION PRESS TEW Ao ENTHALPY DENSITY
8.P. INET 18.6 37.4 7.48 -107.5 €.37
8.P. EXIT 100.2 38.5 7.45 -103.0 6.39
PP INLET 100.2 38.5 7.65 '=108.0 6.39
1ST STAGE EXIT 2375.0 71.6 7.45 €2.3 %.61
20 STAGE EXIT £633.0 102.8 .48 185.0 €.47
P EXIT 895.95 132.1 1.4 328.7 £.5¢
COLD REGEN IN 6826.5 152.6 71.65 325.7 £.54
COLD REGEN EX 6758.3 296.7 7.45% ”1.8 2.86
COOLANT INLET 6758.3 29%6.7 7.65 ”1.8
COOLANT EXIT $639.1° 213.9 7.45 3265.4

TBV INLET 5582.7 916.3 0.37 3248.4

T8V EXIT 2474.5 234.5 9.37 3245.46
02 TRB INLET $582.7 916.3 7.07 3245.4
02 TRB EXIT $070.1 8%6.5 1.02 3172.1
M2 TRB INLET $070.1 89%6.5 7.07 5172.1
H2 TRB EXIT 2421.1 186.8 r.02 2720.7
M2 TRB DIFFUSER  2583.0 785.0 T.07 2720.7
M2 BST TRS IN 25%7.2 785.0 71.07 2720.7
M2 BST TRB OUT 2537.9 784.0 .07 2714.0
W2 BST TRB DIFF  2%23.1 786.1 7.7 2716.0
02 BST TRB IN 2697.9 106.2 1.7 2neé.0
02 8ST TRB OUT 2688.46 T83.6 .07 2713.4
02 BST TRB DIFF  2487.0 783.6 r1.07 2713.4 0.56

H2 TANK PRESS 18.6 806.46 0.9076 2740.0 0.004¢
GOX HEAT EXCM IN  2674.5 791.1 T.64 2740.0 6.5%
GOX MEAT EXCM OUT 2462.2 790.8 7.44 2738.7 0.55
HOT REGEN IN 2462.2 7190.8 7.44 2?”.7‘ 0.55
MIT REGEN EX ‘2388.3 614.6 1.64 2111.9 0.67
FSOV INLET 2388.3 614.6 7.44 2111.9 0.67
FSOV EXIT 2328.4 616.9 1.64 2111.9 0.6¢6
CHAMBER N2 2305.3 615.0 7.46 2111.9 8.65
CHAMBER 2144.3

o OXYGEN SYSTEM COMDITIONS =

STATION PRESS TN FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 £4.7 61.9 10.99
8.P. EXIT 135.2 165.3 64,7 62.3 r10.846
PUMP INLET 135.2 165.3 .7 2.3 70.84
PP EXIT 3472.7 181.0 .7 718.9 71.48

02 TANK PRESS 16.0 400.0 0.07¢ 204.7 0.12
OSOV IMLET 3438.0 181.1 6.7 73.9 71.63
osSov EXIT 2606.6 185.3 6.7 73.9 €9.85
ocV INET 3438.0 is1.1 37.9 3.9 71.463
ocv EXIT 26406.6 185.3 37.9 73.9 69.85
CHANBER INJ 2382.% 185.< .6 73.9 69.82
CHAMBER 2144.3

* VALVE DATA =

VALVE DELTA P AREA FLOM X BYPASS

BV 3108. 6.01 0.37 5.00
FSOV 40. 1.n 7.64
ocv 1031, 0.21 6. 63

s [NJECTOR DATA ®

INJECTOR DELTA P AREA FLOM
FUEL 161. 1.09 7.46
Lox 238, 0.52 46,63
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TABLE A-4. — FULL EXPANDER WITH REGENERATOR—30-PERCENT
ENHANCEMENT (CONTINUED)

GsasumsensasusEneeRsatdtcanRcaaRanE |
s TURBOMACHINERY PERFORMANCE DATA =
s

assesnsusecsnsnsatae CXTYTITTTTTTY TR PT

e H2 BOOST TURSINE = s Q2 BOOST PN =

sssdaesesscsssvanuae secsszscscasasgasn
EFFICIENCY (T/T) 0.811 EFFICIENCY 9.766
EFFICIENCY (T/S) 0.400 HORSEPOMER €7.
SPEED (RPM) <1201. SPEED  (RPW) €1201.
MEAN DI1A (§01) 1.44 S SPEXD 3052.
EFF AREA ) 3.10 HEAD (FT3 2680.
usc (ACTUAL) 0.532 O1a. I 2.43
MAX TIP SPEED isl. TIr SPEED <38.
STAGES 1 VOL. ALOM 761.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIO (T/T7) 1.01 FLOW COEF e.201
PRESS RATIO (T/S) 1.02
HORSEPOMER <7.

EXIT MACK NUMBER .10
SPECIFIC SPEED 169.84
SPECIFIC DINETER e.51

ssssunsssassee sssseususan
2 TURBIME » -« 2 PP =
asensasysnanns sasesssvssn

STAGE ONE  STAGE THD STAGE TWREE

EFFICIENCY (T/7)  0.847 EFFICIENCY e.658 .65 0.¢S9
EFFICIENCY (T/3) .82 HORSEPOMER 1531, 1505, 1482,
SPEED (RPH) 125000, SVEED (RPH) °  1250e8. 125000, 125000.
HORSEPCHMER 4sis. S SPEED 11382,
MEAN DIA. | (1M} 3.29 S SPEXED 764, 7¢8. 769,
€FF AREA () 0.30 HEAD (FY) 74412, 73235, 720%8.
usc (ACTUAL)  ©.S33 DIA. (IN} 3.85 3.4 3.8%
MAX TIP SPEED 1890. TIP SPEED 2099. 20%. 2099.
STAGES 2 vOL. FLOW rse. 748. rs2.
GAMMA 1.37 HEAD COEF 0.543 .53 0.527
PRESS RATIO (T/T) 1.98 FLOW COEF 0.8%
PRESS RATIO (7/S) 1.97 DIAMETER RATIO 0.5
EXIT MACH NUMBER 6.15 BEARING DN 3.00E+06
SPECIFIC SPEED €114 SHAFT DIAETER 2%.00

SPECIFIC DIAMETER 1.86

ssacsastasasanss qa LTI YLIL LTI YT T}

= 02 BOOST TURBINE = " G2 9OOST PUNC &

ANNANSSAsANNRANVYENEN ussSsssgEasseseEs
EFFICIONGY (T/T)  0.87¢ EFFICIENCY 0.7¢6d
EFFICIENCY (T/S)  0.727 HORSEPOMER 2.
SPEED (®PN) 11044, SPEED ({2 )] 11064 .
MEAN DIA CIN) 4.11 S SPEED 3626.
EFF AREA  (IN2) .45 HEAD L2 1] 262,
wse (ACTUAL)  0.552 Dia. asy 2.13
MAX TIP SPEED 238. Tir SPeED 152,
STAGES 1 VoL, FLOM 283.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIO (T/T) 1.00 FLOM COEF ¢.200
PRESS RATIO (T/S)  1.00
HORSEPOMER 2.
EXIT MACH MSER 0.03
SPECIFIC SPEED 100.00
SPECIFIC DIAMETER  0.85

aAsEngESANSEANS Seafsasesvan

.02 TURBINE » “@rue s

RIIELTI LTI Y ] acssessasan
EFFICIENCY (T/T)  0.857 EFFICIDCY .76
EFFICIENCY (T/S)  0.807 HORSEPOMER 134
SPEED ew) 73416, SPEED (RPY) 73616,
HORSEPOMER 1%. $3 SPEED 2¢400.
MEAN Dia <IN) 5.29 S SPEED 1457,
EFF AREA 181, -3 0.46 MEAD FT) 6721,
usc (ACTUAL) 0.550 DiA. (3L} 2.1%
max TIP SPEED ni. TIP SPEED 701.
STAGES 1 voL. FLOM 2.1,
CAra 1.37 WEAD COEF 9.440
PRESS RATIO (T/T)  1.10 FLOM COEF 8147
PRESS MATIO (T/5) .11 DIAMETER RATIO Q.67
EXTT MACH NUMBER 0.09 BEARING DN 1.47€+0¢
SPECIFIC SPEED £3.72 SMAFT DIAMETER 20.00

SPECIFIC DIAMETER 1.82

AIGENERATOR DATA

- --'-c-----ccn-ac
COLL S10E HOT S1D€
pELP .27 73.8¢
oELT 162.10 -176.30
AREA 0.¢4 1.72
FLOW 7.45 7.46
EFFECTIVEMESS 0.27
NTU 0.38
cRaTIO 0.92 A-10
omin 26.¢5

oFGEN Q “«642.17
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TABLE A-5. — SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1755.7
VAC ENGINE THRUST 25000
TURBINE PRESSURE RATIO 2.2
TOTAL EMGINE FLOK RATE 2.08
DEL. VAC. ISP <88.1
THROAT AREA 6.97
NOQZZLE AREA RATIO 10080
NOZZLE EXIT DIAMETER %18
ENGINE MIXTURE RATIO 6.80
ETA Ce e.998
CHAMBER COOLANT DP $39.
CHAMBER COOLANT DT 1ele.
NOZZLE/CHAMBER Q 13882,

ENGINE STATION CONDITIONS

SuNAARaERdEA TERARUNRGNEN AN

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEw FLOM EXLPY 2OSITY
B.P. INLEY 18.6 37.¢ 7.6% ~187.5 £.37
B.P. EXIT 101.0 3.5 7.48% -183.0 4.3%
PUNP INRET 101.0 38.5 7.4% -163.9 4.39
18T STAGE EXIT 2371.¢ 71.5 7.68 «QL.0 4.6}

JEV INLET 2326.2 7t.9 3.73 42.90 £.38

JBV EXIT 1975.S 6.6 3.73 2.0 €.15
2D STAGE EXIT 3876.7 9%.2 3.72 142.4 €.41
rPUN EXIT $350.3 118.7 3.72 239.8 £.64
COOLANT INLET 529¢.8 116.1 1.72 2398 £.42
COOLANT EXIT 4758.0 1125.9 s.72 3971.6 .72

TV INLET €710.4 1126.2 a.19 M6 7

TV EXIT 2069.7 1145.2 .19 3971.6 .32
02 TRB TNLET €710.4 1126.2 3.83% 3971.6 0.71
o ™R8 EX1T 4139.8 10%.5 3.5% ms2.8 0.65
0 TRE INET £139.8 1096.5 3.5% ms2.8 e.65
w2 TR EXIT 2188.4 963.3 3.53 3339.2 8.40
M2 TRB DIFFUSER  2166.5 963.6 3.83 339.2 0.40
2 BST TRB IN 2144.8 963.4 3.53% 3339.2 e.68
2 BST TR® OUT 2120.1 91.0 3.5% 3529.6 e.39
H2 BSY TRB DIFF  2115.1 %”%1.0 3.53% 1129.6 .39 -
G2 BST TRB In 20%4.0 9%1.2 3.83 3329.6 .59
02 BT TRB OUT 2080.9 959.8 3.53 132¢.% 8.39
G2 BSY TRS DIFF  2080.1 959.8 3.53 332¢.95 39

M2 TANK PRESS 18.6 3.6 0.0061 3354.8 €.0036
GOX HEAT EXCH IN  2069.7 969.1 3.71 335¢.9 e.38
GOX HEAT EXCH OUT 2059.3 968.4 3.7l 3354.1 e.358
MIXER MOT IN 2059.3 968.4 5.7t 3554.1 e.38
MIXER COLD IN 1975.5 76.6 3.7% <2.9 €.15
MIXER OUT 1956.4 $02.3 7.44 1695.5 e.68
FSOV 1MET 1956.4 $02.3 7.64 169%5.5 .68
FSOV EXIT 1907.5 $02.5 7.64 1695.5 0.66
CHANBER INJ 1888.4 502.6 7.4 1695.5 .65
CHAMBER 1785.7

® OQXYCEN SYSTEM CONDITIONS o

STATION PRESS TEMNP FLOM ENTHALPY DEMSITY
B.P. INET 16.0 162.7 €6.7 61.9 10.99
8.P. EWIT 135.2 145.3 €6.? €2.3 7.8
PUMP IMLEY 135.2 165.3 €6.? .3 70.84
rue EXIv 2843.4 178.0 6.7 n.z 7n.ss

02 TANK PRESS 16.0 400.0 a.074 96.7 8.1?
OGSOV INLET 814.9 178.1 6.7 n.z n.x
asov Exiv 1970.4 181.¢ 6.2 n.7 70.63
ocV IMET 2814.9 178.1 37.9 n.z7 11.34
ocv EXIT 1976.4 181.4 37.9 n.7 70.03
CHAMBER INJ 1950.7 181.5 £6.6 n.z 63.99
CHAMBER 1755.7

® VALVE DATA «

VALVE DELTA P AREA FLOW X BYPASS
BV 349, 0.14 3.73 $0.0<
T8V 2641, g.01 6.19 s.q0
FSov 49, 1.89 7.44
ocv 846, 0.23 L4, 64

* INJECTOR DATA =

INJECTOR DELYA P AREA FLOW
FueL 133, 1.20 7.64
Lox 195, 0.57 €. 64
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TABLE A-5.

SdnevnsaassasncaadsteaceRURNRNANERS

® TURBOMACHIMNERY PERFORMANCE DATA =

L]
NasENANASgEcesaangen
s H2 BOOST TURBIME o
Afusscudenssscacacns
EFFICIENCY (T/T)  o.87%
EFFICIENCY (T/S)  0.687
SPEED (RPH) 41386,
MEAN DIA amy 2.2
EFF AREA  (IN2)  1.66
usc (ACTUAL)  0.55%
MAX TIP SPEED <69
STAGES 1
A 1.62
PRESS RATIO (T/T) 1.6l
PRESS RATIO (T/S3 1.8l
HORSEPOMER <.
EXIT MACH NUMBER (X"
SPECIFIC SPEED 113.87
SPECIFIC DIAETER  0.7¢

csEsEanssesena

a H2 TURBINE =

[TE1ZLLEYLY 1 1]
EFFICIENCY (T/T)  ©.81%
EFFICIENCY (T/S)  0.8%
SPEED (RPR) 125008.
MORSEPOMER 2568
MEAN DIA. e st
EFF AREA  (IN2)  ©.20
usc (ACTUAL)  0.473
MAX TIP SPEED 1272,
STAGES 2
GAMMA 1.2
PRESS RATIO (T/T)  1.89
PRESS RATIO (T/5)  1.%2
EXIT MACK NUMBER e.12
SPECIFIC SPEED S22
SPECIFIC DIAMETER  2.13

® 02 POGSY TURBINE »

EFFICIENCY (T/T) 0.8¢é8
EFFICIENCY (T/3) 0.863
SPEED (RPM) 11043,
MEAN DA (IN) 5.83
EFF AREA ) 2.2
usc (ACTUAL) 0.553
MAX TIP SPEED 302.
STAGES 1
GAMMA 1.€2
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.81
HORSEPOWER 26.
EXIT MACH MUMBER 0.03
SPECIFIC SPEED 54,75
SPECIFIC DIAMETER 1.49

cCEnNAeEARASRES

s 02 TURBIME @

LLILLLIEITTIT] ]
EFFICIEMCY (T/7) 0.846
EFFICIENCY (T/3) 0.823
SPEED (RPM) ¢8177.
HORSEPOMER 594,
MEAN DIA (IN)Y s.1
EFF AREA 18( -4] ..27
u/c (ACTUAL ) 0.53¢
max TIP SPEED ”?”3.
STAGES 2
Garma . 1.«
PRESS RATIO (T/T) 1.3¢
PRESS RATIO (T/35) 1.14
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 40.57
SPECIFIC DIAMETER 1.%

s HZ BOOST PUMP «

EFFICIENCY 0.7¢S
HORSEPOMER 48.
SPEED (RPNM) €1386.
S SPEED 3044,
HEAD (FT) 2706.
DIA. C(IN) 2.43
TiP SPEED 440.
VOL. FLOW 761.
HEAD COEF 0.450
FLOW COEF 0.201

ASRuNaRuwan

s H2 PUMP &

adsasEsuase

SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT (CONTINUED)

STAGE ONE STAGE THO STAGE THREE

EFFICIOCY 6.658 0.629
HORSEPOWER 1827, 529.
SPEED (RFPHt) 125000, 125000.
$s srap 11306,
s SrEED 76S. 7372,
HWEAD (FT) 76265, “I178.
DIAa. (Iw) 3.8¢ 3.20
TIP SPFEED 2097, 1745.
voL. RLou 158, 379.
HEAD COEF 0.543 0.519
FLOM COEF 0.0%¢
OIMETER RATIO 0.328
BEARING DN 3.00€E+9¢
SHAFT DiAMETER 26.00

SussNanmARYNREREn
s 02 BOOST PP =

dclsunsnsanansans

EFFICIENCY 0.764
MORSEPOWER 26.
SPEED  (RPM) 11043,
S SPEED 302¢.
HEAD (FT) 2¢2.
ola. () 2,78
TIP SPEED 132.
VOL. FLOW 283.
HEAD COEF 0.450
FLOM COEF 0.200

SAsEuNvRNaE

"0z PUNE »

(RILLLRYTT Y]
EFFICIENCY 0.747
HORSEPOWER $96.
SPEED  (RPH) 8177
SS SPEED 22660.
S SPEED 1800
+EAD FT) s461.
Dla. () 2.16
T1P SPEED 662
VOL. FLOW 281.
HEAD COEF 0.426
FLOW COEF 0.158
DIAMETER RATIO 0.¢a1
BEARING DN 1.36£+06
SHAFT DIAMETER 20.00
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TABLE A-6.

SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-

PERCENT ENHANCEMENT—-150 TUBES

EMGINE PERFORMANCE PARAMETERS

[LTY T

CHAMBER PRESSURE 1757.3
VAC ENGIME THRUST 25000.
TURBINE PRESSURE RATIQ 2.22
TOTAL ENGIME FLOM RATE 52.08
DEL.. vac. Isr 480.1
THROAT AREA 6.9
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DINETER 9%.14
ENGINE NIXTURE RATIO 6.00
ETA Co 0.993
CHAMBER COOLANT D¢ <81l.
CHAMBER COGLANT DT 1004.
NOZZLE /CHAMBER. Q 138164,
OGINE STATION CONDITIONS
. AKL SYSTEM COMDITIONS &
STATION PRESS T FLOW ENTHALPY DENSITY
8.P. INLET 18.6 37.4 7.45 -102.5 «.37
B.P. EXIT 108.7 8.5 1.45 -103.0 €.39
PUMP INLETY 100.27 38.5 7.4% -103.0 %.39
1ST STAGE ©IT 23738 71.8 7.45 £2.2 €41
JBV INLEY 2326.3 71.9 3.73 €2.2 4£.38
JBV Exit 1977.¢ 6.7 3.73 2.2 4.15
2ND STAGE EXIT 38496 3.6 3.72 140.0 6.61
PUMP EXIT $29%.6 11€.5 3.72 235.0 €.45
COOLANT INMET $243.6 115.8 3.72 2515.0 6.2
COOLANT EXIT 4762.4 1119.3 3.72 3948.4 0.72
T8V INLET €716.7 1119.6 e.19 39%48.4 Q.78
BV €XIT 207e.8 1138.5 0.19 3948.¢ 0.33
02 TRB INET €7146.7 1119.¢ 3.53 394¢8.4 0.71
02 TRS EXIT 4139.3 1089.8 3.53 3829.5 0.65
2 TR INLET €139.3 1089.8 3.53 3829.5 0.65
M2 TRB EXIT 21896 958.0 3.53 3320.7 0.61
M2 TRB DIFFUSER 2167.8 958.1 3.53 3320.7 0.40
H2 BST TRB IN 2146.1 958.1 3.53 3320.7 0.40
M2 BST TRB OUT 22213 955.7 3.83 3311.1 0.40
M2 BST TRB DIFF  2114.4 95S5.7 3.3 143898 § Q.39
02 BST TR IN 2098.2 955.9 3.53 3311.1 0.39
02 BST TRB OUT 2082.0 9546.% 3.53 3306.0 6.3y
G2 BSY TRB DIFF  2081.2 954.5 3.53 330¢6.0 e.39
H2 TANK PRESS 18.¢6 978.8 0.0061 3338.1 0.003¢
GOX MEAT EXCH IN 20708 9%3.8 3.1 3338.1 . 0-38
GOX HEAT EXCM OUT 2048.5 963.1 3. 3335.4 0.38
MIXER HOT 1IN 2060.% 923.1 3.7 3835.4 0.38
MIXER COLD IN 1977.4 26.7 3.73 €2.2 6.15
MIXER OUT 1957.4 €99.7 7.44 1686.2 0.68
FSOV INLET 1957.4 €99.7 T.64 1686.2 0.68
FSOV EXIT 1%08.5 £99.9 7.64 1686.2 0.66
CHAMBER [NJ 1999.4 $00.0 71.644 1686.2 0.6¢6
CHAMBER 17523
& GXYGEN SYSTEM CONDITIONS =
STATION PRESS TENP FLOW ENTHALPY DENSITY
B.P. INLET 16.9 162.7 £6.7 61.9 10.99
8.P. EXIY 135.2 165.3 L6.7 62.3 70.84
PUMP INLET 135.2 165.3 46.7 62.3 70.84
PUMP EXIT 2846.9 178.9 &&.7 71.7 71.39%
02 TANK PRESS 6.0 €00.0 e.07¢ 204.7 0.12
oS0V INMET =176 178.2 6.7 n.7 71.84
oSOV EXIT 1972.3 181.4 6.7 71.7 70.02
OCV IMLET 2817.6 178.2 7.9 71.7 71.36
ocv EXIT 1972.3 181.4 37.9 71.7 70.02
CHAMBER [NJ 1952.¢ 181.% 46.6 n.7 6%.99
CHAMBER 1757.3
& VALVE DATA »
VALVE OELTA P AREA FLOW X BYPASS
JBv 349, 0.14 5.73 $0.04
v 2644 . 0.01 g.19 5.00
Fsov 49. i.e8 7.46
ocv [ 13 0.23 4. 64
s [MJECTOR DATA ®=
INJECTOR DELTA P AREA FLOM
FuUEL 152, 1.20 7.64
LOX 1. - 0.57 6. 66
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TABLE A-6. —

SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-

PERCENT ENHANCEMENT—150 TUBES (CONTINUED)

« TURBOMACHIMERY PERFORMANCE DATA s =

asva
sudenesscscsuanenunn

« H2 BCOST TURBINE =
seseneenssveansanane
EFFICIENCY (T/T) 0.873
EFFICIENCY (T/S) 0.488

SPEED (RPM) 41311,
MEAN DIA Ny 2.12
€FF AREA ) 1.65
usc (ACTUAL ] 0.553
MAX TIP SPEED €68,
STAGES 1
GAMMA 1.45

PRESS RATIO (T/T) 1.01
PRESS RATIO (Ts3) 1.01
HORSEPOMER <.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 115.72
SPECIFIC DIAMETER 6.76

= H2 TURBINE =

EFFICIENCY (T/T)  0.820
EFFICIENCY (Ts/38) 0.80%
SPEED (RPH) 125000.
HORSEPOMER 2544,
HEAN DIA. (80 }] 3.1
EFF AREA (80, -3 0.20

u/sc (ACTUAL) 0.47%
RAX TIP SPEED 1.
STAGES 2
GAMMA 1.5

PRESS RATIO (T/T) 1.89
PRESS RATIO (T/3) 1.92
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 31.27
SPECIFIC DIAMETER 2.146

sssussEsanasssunEes.
® 02 POOST TURBIME «
esanesaveseunsnansaa
EFFICIENCY (T/T) 0.8¢8
EFFICIENCY (T/S) 0.80%

SPEED (RPM) 110453.
MEAN DIA [S{}] s.83
EFF AREA (IN2) 2.28
e < CACTUALY  0.%53
RAX TIP SPEED 362,
STAGES 1
GAMMA 1.45

PRESS RATIO (T/T7) 1.01
PRESS RATIO (T/3) 1.01

HORSEPOMER 26.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 54.59

SPECIFIC DIAMETER 1.9

[YTTTTEITIITTYY

® 02 TURBINE »

esssasusussnuy
EFFICIENCY (T/T) 0.84S
EFFICIENCY (T/S) 0.823%

SPEED (RPM) €820<4.
HORSEPOHER 595.
HMEAN DIA (IN) s.11
EFF AREA as) 0.27
u/c (ACTUAL ) 0.536
MAX TIP SPEED 23.
STAGES 2
GArma 1.45

PRESS RATIO (T/T) 1.14
PRESS RATIO (T/s) 1.1¢
EXIT MACH NUMBER 0.07
SPECLIFIC SPEED 40.41
SPECIFIC DIAMETER 1.90

o H2 BOOST PP =

EFFICIENCY 0.766
HORSEPOMER <8.
SPEED (RPN) 61311,
S SPEED 3067.
HEAD [{ 28] 2695.
Dla. 1) 2.63
TiP SPEED 439,
VOL. FLOM 761.
HEAD COEF 0.45%0
FLOM COEF 6.201

dgsanessaane

"R PP s

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 8.658 0.633 0.636
HORSEPOMER 1529, S§15. $00.
SPEED (RPN) 125000. 125000. 125000,
SS SPEED 11337.
S SPEED 765. 748. 758.
HEAD (FT) 74353. £82058. 47039,
ola. (IN) 3.86 3.17 3.17
TIP SPEED 20%8. 1729. 1730.
voL. FLOW 58, $79. 37¢4.
HEAD COEF 8.956. ¢.519 0.506
FLOM COEF 0.8%
DIAMETER RATIO 0.328
BEARING DN 3.60€-06

sssscussssssasaann
o G2 SOOST PUME =

AdssAdnassIssNEnS
EFFICIOCY 0.7§4
HORSEPOMER 26.
SPEED  (RPW) 11043,
S SPEED 3026.
HEAD FD 262.
DIA. an 2.73
YIP SPEED 1352,
voL. FLoM 283.
HEAL COEF 0.450
FLOM COEF 0.200

LITIELITITTY]

a2 rue .

sgsesasasss
EFFICIENCY ..7¢7
HORSEPOMER 595,
SPEED  (RPW) 68204,
SS SPEED 22669.
S SPEED 1799.
HEAD FT) 666,
Dla. (1w 2.16
YiP SPEED 662,
voL. FLOW 281.
MEAD COEF 0.42¢
ALOM COEF 0.153
DIAMETER RATIO 0.¢81
SEARING DN 1.36€+06
SHAFT DIAMETER 20.00
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TABLE A-7. — SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT—OPTIMUM TUBE GEOMETRY

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1758.7
VAC ENGIMNE THRUST 25030,
TURBINE PRESSURE RATIO 2.26
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. ISP 480.1
THROAT AREA 6.95
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 9%.10
ENGINE MIXTURE RATIC 6.00
ETA C» 0.993
CHAMBER COOLANT DP 388,
CHAMBER COOLANT DT 982,
NOZZLE/CHAMBER Q 13529.

ENGINE STATION CONDITIONS

® FUEL SYSTEN CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
8.P. INLEY 18.6 37.4 7.65% -107.5 .37
8.P. EXIT 100.5 38.5 7.4% -103.0 4.39
PUMP INLET 100.5 38.5 7.4% -103.0 4.39
1ST STAGE EXIT 2375.6 71.¢ 7.4% 42.3 4.61
JBV INLETY 2328.1 72.0 3.7% 62.3 .58
JBV EXIT 1978.9 74.7 3.7% 2.3 4.1%
2ND STAGE EXIT 3849.3 3.6 5.72 140.0 4.41
PUNP EXITY $29%.1 116.5 3.72 234.7 €.45
COOLANT TNLET 5240.1 114.9 3.72 286.7 6.43
COOLANT EXIT 46851.7 1096.9 3.72 3871.6 0.75
T8V INLET 4803.2 1097.1 0.19 3871.6 0.24
TRV EXIT 2072.5 1116.5 0.1Y 3871.6 0.33
02 TRB INLET 4803.2 1097.1 3.53 3871.6 0.74
02 TR8 EXIT 6206.3 1067.4 3.5% 3752.5 0.67
H2 TRB INLET 4206.3 1067.4 5.5% 3752.5 0.67
H2 TRB EXITY 2192.5 935.9 3.53 3243.9 0.42
H2 TR® DIFFUSER 2170.4 936.0 3.53 3243.8 0.41
H2 BST TRB IN 2148.7 936.0 3.53 3243.8 0.41
H2 BST TRB OUT 2123.4 933.6 3.53 3234.3 0.40
H2 BST YRB DIFF  2118.4 933.7 5.83 3234.3 0.40
02 BST TRB IN 2097.2 933.8 3.53 32%¢.3 0.40
02 BST TRE OUT 2083.7 932.4 3.53 32291 0.40
02 BST TRB DIFF 2082.9 932.4 3.53 322%.1 0.40
H2 TANK PRESS 18.6 955.8 0.0062 8261.3 0.0037
GOX MEAT EXCH IN 2072.% 961.7 . 3261.83 0.39
GOX MEAT EXCH OUT 2062.1 9%1.0 5.71 3258.5 0.59
MIXER HOT IN 2062.1 9%1.0 3.71 3258.5 0.39
MIXER COLD IN 1978.9 6.7 3.73 42.3 4.15
MIXER OUT 1959.0 489.2 7.44 1647.9 0.69
FSOV INLET 1959.0 489.7 7.44 1647.9 0.69
FSOV EXIT 1910.0 489.4 7.46 1647.9 0.68
CHAMBER INJ 1890.9 4895 7.6¢ 1647.9 0.67
CHAMBER 1750.7
» OXYGEN SYSTEM CONDITIONS #
STATION PRESS TEMP FLOW ENTHAL PY DENSITY
B.P. INMLET 16.0 162.7 «.7 61.9 70.99
B.P. EXIT 135.2 165.3 “4%.7 €2.8 70.86
PUMP TNLET 136.2 165.3 66.7 2.3 70.86
PV EXIT 2849.2 178.1 6.7 7.7 71.39
02 TANK PRESS 16.0 400.0 0.07¢ 206.7 0.12
OSOV IMLEY 2819.7 178.2 6.7 7.7 71.364
oSOV EXIT 1973.8 181.5 6.7 1.7 70.02
OCV INLET 2819.7 178.2 37.9 n.z 71.36
ocv EXIT 1973.8 181.% 37.9 7.7 70.02
CHAMBER TNJ 19546.1 181.5 “.8 n.? 69.99
CHAMBER 1758.7
® VALVE DATA =
VALVE DELYA P AREA FLOW X BVPASS
JBv 369, 0.14 3.73 50.06
™y 2731. 0.01 0.19 5.00
Fsov 4. 1.86 7.4¢6
ocv 846 0.23 6. 64
® INJECTOR DATA «
TNJECTOR DELTA P AREA FLOM
FUEL 132. 1.18 7.64
LoX 195, 6.57 64. 64
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TABLE A-7. SPLIT EXPANDER—50-PERCENT JACKET BYPASS/30-
PERCENT ENHANCEMENT—OPTIMUM TUBE GEOMETRY (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA =

-
" H2 BOOST TURBINE »

" }H2 BOOST PUMP «

EFFICIENCY (T/T)  0.873 EFFICIENCY 0.766
EFFICIENCY (T/S)  0.691 HORSEPOWER 8.
SPEED (RPH)  41266. SPEED  (RPM) G12¢6.
MEAN DIA C(1IN) 2.12 S SPEED 3049.
EFF AREA  (IN2) 1.61 HEAD (FT) 2¢89.
usc (ACTUAL)  0.58S DiA. (N 2.43
MAX TIP SPEED “66. TIP SPEED 438.
STAGES i VoL FLOW 761.
GAMMA 1.43 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.201
PRESS RATIO (T/S) 1.02
HORSEPOWER 8.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 112.80
SPECIFIC DIAMETER  0.76

LTI ] ] SHNERNRNNNSYY

* H2 TURBINE »

sesnENEREANRAN

STAGE ONE STAGE THO STAGE THREE
"evaANENEw ann "0 SNPERARRNNING

EFFICIENCY (T/T)  0.819 EFFICIENCY 0.658 0.657
EFFICIENCY (T/S)  0.803 HORSEPOWER 1531. Sl6. “99.
SPEED (RPM) 125000, SPEED (RPM) 125000, 125000. 125000.
HORSEPOWER 2564, SS SPEED 11355,
MEAN DIA. CINY 5.10 S SPEED 764. 748. 760.
EFF AREA (IN2) 0.19 HEAD (FT) 74628, 48132. 66935,
usc (ACTUAL)  0.474 DIA. CIN) 5.85 5.17 s.17
MAX T1P SPEED 1766. TIP SPEED 2099. 1728. 1728.
STAGES 2 vOL. FLOW 759, 379, 376.
GAMMA 1.43 MEAD COEF 0.543 0.518 0.506
PRESS RATIO (V/T) 1.92 FLOW COEF 0.09
PRESS RATIO (T/S) 1.9 DIAMETER RATIO 0.328
EXIT MACH NUMBER 0.12 BEARING DN 5.00E+06
SPECIFIC SPEED 30.92 SHAFT DIAMETER 26.00
SPECIFIC DIAMETER  2.1¢

Sunun L ] semeRRERNe anEeNuENeERen Tesn

®* 02 BOOST TURBINE
[ITT)

EFFICIENCY (T/T)  0.8¢8
EFFICIENCY (T/S)  0.804
SPEED (RPM) 11043,
MEAN DIA CIN} 5.83
EFF AREA  (IN2}  2.22
usc (ACTUAL)  0.853
MAX TIP SPEED so2.
STAGES 1
GAMMA 1.43
PRESS RATIO (T/7) 1.01
PRESS RATIO (T/S8) 1.01
HORSEPOMER 26.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 53.95
SPECIFIC DIAMETER 1.5

STesseswuvEEAEE

« 02 TURBINE »

YegeseRRERSEESY
EFFICIENCY (T/T)  0.844
EFFICIENCY (T/S)  ©0.822
SPEED (RPM)  €8227.
HORSEPOMER 595,
MEAN DIA () 3.0
EFF AREA  (IN2)  0.26¢
use (ACTUAL)  0.535
MAX TIP SPEED 970,
STAGES 2
GAMMA 1.43
PRESS RATIO (T/T) 1.1¢
PRESS RATIO (T/S) 1.1%
EXIT MACH NUMBER 0.4
SPECIFIC SPEED 39.67
SPECIFIC DIAMETER  1.9%
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® 02 BOOST PUMP w

EFFICIENCY 0.76¢4
HORSEPOWER 26.
SPEED  (RPM) 11063,
S SPEED 302¢.
HEAD (FT) 262.
DIA. Ny 2.13
TIP SPEED 132.
VOL. FLOW 283.
MEAD COEF 0.450
FLOW COEF 0.200

eREROENOES

.02 PP =

PISEEARAIREN
EFFICIENCY 0.747
HORSEPOWER 595,
SPEED  (RPM) 8227
$S SPEED 22677.
S SPEED 1798.
HEAD (F1) se71.
Dia. Ny 2.16
TiP SPEED 663,
VOL. FLOW 281.
HEAD COEF 0.42¢
FLOM COEF 0.183
DIAMETER RATIO 0.48)
BEARING DN 1.36E+06
SHAFT DIAMETER 20.00




TABLE A-8. — SPLIT EXPANDER—1560°R HOT-WALL TEMPERATURE LIMIT

ENGINE PERFORMANCE FARAMETERS

R I I L L L L LI LT P T PP R T Y TR

CHAMBER FRESSURE 1701.%
VAC ENGINE THRUST 25000.
TURBINE PRESSURE RATIO 2.601
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. ISP <80.1
THROAT AREA 7.1
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 5.6
ENGINE MIXTURE RAT10 .00
€TA Co 0.993
CHAMBER COOLANT DP 436,
CHAMBER COOLANT DT *02.
NOZDLE/CHAMBER O 1264%0 .

EMGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS @«

STATION PRESS T FLOM ENTHALFY DENSITY
B.P. INET 1e.6 37.6 7.45 -107.% 4.37
8.P. EXIT 100.7 8.5 1.65 -103.0 6.3%
PP INMLET 100.7 3.5 7.45 -103.0 4.3
1ST STAGE EXI1T 22%8.3 6.9 7.65 35.8 &.62
JOV INLET 22%52.¢ 10.3 3.73 35.8 £.59
Jav €xtt 1916.5 135.0 3.23 3s.8 4.17
2ND STAGE EXIV 4129.9 100.4 $.72 166.2 €.3¢
re £XIT $89¢6.9 138.6 s.72 2%1.2 4,38
COOLANT IMNLET $836.0 12¢.0 3.72 291.2 €.35
COOLANT EXIT 5399.8 1081.1 3.72 3650.9 0.87
TOV IRET $345.89 1081.¢ 0.1 3650.9 0.8¢
TaV EXIT 2004.7 1055.9 0.19 3650.9 0.3¢
02 TR INLET 5345.8 1031.4 3.53 3650.9 0.0¢6
02 TRe EXIT 665%.4 1002.¢< 5.93 353S.¢ 0.78
H2 TRB IMLET 4659.46 1002.4 5.53 3535.¢ 0.8
H2 TRS EXIT 2128.3 854.5 5.53 2e746.5 0.4<
H2 TS DIFFUSER 2108.1 st ¢ 3.83 2974.S 0.62
H2 ST 2082.1 259.¢ 3.53 29764.5 0.63
H2 BST 203%.¢ *’s7?.2 3.53 29%446.9 0.43
H2 937 20%0.3 957.3 5.53 2966 0.42
02 #ST 202%9.8 . 857.¢ 3.93 2964.9 0.42
02 BTy 2015.¢ 8s¢.0 3.53 295%.0 0.42
o st 2014.8 256.0 3.3 2959.9 0.42
2 TANK PRESS 19.¢ ers.e 0.0068 2996.3 8.0040
QOX HEAT EXCH IN 2004.7 065 .9 3.71 299%6.3 0.41
GOX HEAT EXCM OUT 1994.7 965 .1 5.1 2991.¢ 0.4}
MIXER HOY N 1996.7 96S.1 n J°91.6 0.461
MINER COLD IN 1914.5 713.0 3.73 5.8 6.1y
HIXER OUT 1894.9 €82.6 7.64 1511.1 0.72
FSOV DLET 189%.9 €s2 - 7.66 15111 0.72
FSOv ExIT 1867.5 €52.7 7.6¢6 1sti.} 0.7%
CHAMPER INJ 1829.1) €52.¢8 7.64 151,12 9.270
CrAMBER 1701.¢

* OXYGEN SYSTEM CONDITIONS °

STATION PRESS TEw FLOW ENTHALTY DENGITY
8.7, INLET 16.0 162.7 6.7 61.* 10.9°
B.P. EXIY 188.2 165.8 £6.7 2.3 70.8¢
P TMLET 135.2 165.% &¢.? - 70.08¢
PUe® EXIT 2755.5 177.¢ €6.7 1.6 71.32

02 Tanx PRESS 16.0 «00.0 0.07¢ J06.7 6.1l
O30V I ET 2720.0 177.2 6.7 1.4 71.33
gsov €xiv 1909%.¢ 192 ¢ 6.7 1.4 10.0%
ocv IWET 2728.0 1227 3.9 Mn.¢ 71.33
oCv ExIY 1909.¢ 199 v 3.9 1.4 719.0%
CHAMBER 1M 18%0.5 LLE I .8 7.6 70.02
CHamBED 1701.¢

* VILVE DATA -

VALVE DELTA P 29€a LM ~ BYFASS
Jev 338, S.le $.78% €0.0¢
tav 1341 . LT 0.19 <.00
FSoV €27, 1.8% Y ke
oy LILIR L 1 Y Y3

* M7 e pATs »

| ¥ LA DELTA P FEY ¥y FLOW

€L 1’8 ris 7.6

[Sak 1R, <9 KL 19 '
I




TABLE A-8. — SPLIT EXPANDER—1560°'R HOT-WALL TEMPERATURE LIMIT
(CONTINUED)

* TURRUMACHINERY PERFORMANCE DATA «

T WY BOOST TURBINE *

L L L Y R

eesvsasnsuncvavan
= M2 BANST FUME -

EFFICIENCY (1/7) 0.876 EFFICIENCY 0.76%
EFFICIENCY (T/S)  0.¢9%8 HORSEFOMER 8.
SPEED (RPH)  41328. SPEED  (RPM] 41328,
HEAN DlA (N 2.2 S SPEEN 3046
€EFF AREA C(IN2) 1.53 HEAD (FT) 26%8.
we (ACTUAL)  0.553 DIA. (N 2.48
MAX TIP SPEED G66. T1P SPEED 39,
STAGES 1 vOL. FLOW 261,
GAlA 1.87 MEAD COEF 0.450
PRESS RATIO (T/T)  1.01 FLOM CDEF 0.201
PRESS RATIO (T/S) .62
HORSEPOWER 8.
EXIT MACH MUMBER 0.06
SPECIFIC SPEED 110.57?
SPECIFIC DIAMETER  ©.78

sesnegen as quRTEqQUENeY

* 12 TURBINE * " PP .

eecensengeveny

STAGE OME STAGE THO STAGE THREE

SEIRIPANT AU RL UGS PEBQRIBRIEE

EFFICIENCY (T/7) 8.e0% EFFICIENCY 0.66¢ 0.592 6.598
EFFICIENCY (1/3) 0.791 HORSEPOMER 1463. 86, 658
SPEED (RPH) 125000. SPEED (ReMy 125000. 125000. 125000.
MORSEPCHER 2e07. SS SPEED 11329,

MEAN DIA. [RL}] 3.16 $ SPEED 84 €37. €52.
€ ¢ AREA CIND) 0.17 HEAD (FT) 7228, 60089 s8151.
we {ACTUAL? 0.4%4 DIA. (IW) 3.78 5.50 3.50
MaX TIP SPEED 1780. T1P SPEED 2065. 1913. 1918.
STAGES 2 voL. FLOM 7%6. 38s. 382.
GArA 1.32 HEAD COEF 0.561 0.528 0.51)
PRESS RATIO (Y/T) 2.1% FLOM COEF 0.0%

PRESS RATIO (T/S) 2.32 DIAMETER RaTIO 0.333

EXIT MACHM MUMBER 0.13 FEAMING ON 3.00E+06

SPECIFIC SPEED 7.2 SHAFT OUAMETER 26.00

SPECIFIC DIAMETER Q.08

* 02 POOSY TURBINE +

* 02 POOSY PUM" =

EFFICIENCY (T/T) 0.06¢7 EFFICIENCY 0.766
EFFICIENCY (T/3) 0.80¢ HORSEPOMER 6.
SPEED (RPM) 10045, SPEED  IRPM) 11048,
MEAN Dia (1IN} s.83 S SPEED 3026.
EFF AREA (313 2.1 HEAD FTY 262,
usc (ACTUAL)  0.S53 Dla. (73] 2.78
Max TIf SPEED 301. T1P SPEED 132,
STAGES 1 VOL. FLOW Jes.
GAMMA 1.87 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM CNEF ©.200
PRESS RATIO (Y/S) 1.0t
HORSEPTRER 6.
EXIT RACH NUMBER 0.03
SPECIFIC SPEED $2.60
SPECIFIC DIAMETER 1.5%

LA AR R I Y] Wesgesesvove

= 02 TURBINE = . 02 FUMr -

vssescnensuune aereasavres
EFFICIENCY (T/T)  0.839 EFFICIFNCY 0.7467
EFFICIZNCY (T/S) 0.818 HORSEFNMER 29
SPEED RPM}  67248. SPEED (arMY 6€72¢8.
HORSET WER $75. $3 SPECD 20882,
MEan s [§11] 3.1¢ 3 SPEED 181,
€FF alca s 0.22 EAD (FTy S8
(4 (ACTUAL)  ©0.542 Dia. A1) RS
Max T1® SPEEC .61 TP SPLED (A5
STLGES 2 voL. FIOow NI
Garess 1.87 HEAD COEF 6.45¢
PRESS FaTIO (1/7) 1.18 FLOM COEF 0.1%5¢
PRESS IaT10 (T/S) 1.1% DIAMETED aaryn 0.482
EXIT «.CH NUMBER 0.07 PEAR NG Do 1 lE-0¢
SeECr 7 SPEED M LY SHAET M1 102 n.n2
30€50TT DIAMETER L
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TABLE A-8. — SPLIT EXPANDER—1560°'R HOT-WALL TEMPERATURE LIMIT
(CONTINUED)

* CHAMRER R NNJ2LE 1Al TRANGIER =

vvswssesscusue R R AL ceeevman

=s CHAMRER DESICH -«

CHAMRER MATL 7 TVPE COPPER/TURLL AR
MDA ‘LBM/SEC). CHAMBTR FLM 32
DPIN (PSID). IMLEY DELYA £ 8. 65
op (PSID). CHAMBER DELTA ¢ 356.68
DPEX (PSID). EXIT DELTA P 15.32
OPT  (PSID). TOTAL DELTA £ 358 .64
QTOT (BYU/S). HEAT TRANSFER /907 .8:
DICH (R). DELTA TEMPERATIRE 68461
UTTM. ULTIMATE TEMP MARGIN 104 .48
PRYS., MAX STRESS RATIO 59.47

THOT. MAX HOT WALL TEMPERATURE 1553.%
UTTS. THROAT MAX TEMPERATURE 1170.62

3P. ASPECY RATIO t.50
21 CIN). CHAMBER LENGTH 12.00
ARI. CONTRACTION RATIO 2.50
TH. NUMBER OF YUBES 170.00
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TABLE A-9. — SPLIT EXPANDER—1660°'R HOT-WALL TEMPERATURE LIMIT

ENGINE PERTORMANCE FARAME TERS

L T Ry P T T

CHAMBER PRESIURE 11575
VAC ENGIME THRUST 25000.
TURBINE FRESSURE RATIO 2.400
TOTAL ENGINE FLOM RATE 57.00
DEL. VAC. ISP «80.1
THROAT AREA 6.% -
NOZZLE AREA RAT10 1000.0
NOZZUE EXIT DIAMETER .13
ENGINE MIXTURE RATIO €.00
ETA Co 0.993
CHAMBER COGKANT OP «s8.
CHAMBER COOLANT DY .40,
NOZZLE/CHAMBER O 13287,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDTYIONS *

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INLET 18.¢ 37.¢ 7.45 -107.% <.37
8.P. EXIY 100.% 8.5 7.4% -103.0 €.39
PN TNLEY 100.5 38.5 7.4S -103.0 €.59
IST STAGE EXIT 23724.1 71.% 7.45 &2.2 6.41
JOV INLET 232¢.¢ .9 3.7% €2.2 6.38
JOV EXIT 1977.¢ 76.7 3.73 €2.2 6.15
2ND STAGE EXiTY €271.3 103.8 3.72 179.3 .36
P EXIT $09¢.% 138.3 3.72 310.¢ £.3¢
CODLANT [LETY 4035.% 135.8 5.72 310.6 4.54
COOLANT EXIT §877.¢ 1093.6 3.72 3876.4 0.85
TSV INLET £52t.9 109%.0 ¢.19 1874.4 0.84
™V EX1T 2070.27 1117.4 0.19 876.46 0.33
02 TR INLEY $521.8 10%.0 3.53 38746.4 0.8¢
02 TR EXIT 4828.1 1066.0 3.53 3755%.S 0.27
H2 TR IMLET 4829.1 1066.0 3.83 5755.S 0.77
2 TR EXIT 219%6.6 3.9 .53 S166.9 0.43
H2 TRE DIFFUSER 2169.5 1.9 5.53 3166.9 0.42
H2 BST TRB IN 2147.9 4.0 3.53 5166.9 0.62
"2 BST TRS OuT 2121.9 t. 6 3.58 3187.¢ 0.41
M2 BST TR® DIFF 2116.9 ”"i.? 3.53 31187.¢ 0.4)
02 ST TR N T o209%.e ni.e %.5% s187.4 9.6}
02 BST TRE OUT 2081.9 910.4 3.53 3152.3 0.41
02 ST TRB DIFF 2081.1 9210.6 5.53 3182 0.4
2 TANK PRESS 18.¢ 735¢.9 0.0044 si188.¢ 0.0037
QGOX HMEAT EXCH IN  2070.7 920.0 ».n 3i88.4< 0.40
GOX MEAT EXCH OUT 2060.4 920.1 3.7 3108.7 0.460
HIXER HOT N 2060.¢ *20.1 3.n 3185.7 0.40
MIXER COLD IN 1977.¢ 7¢.7 3.78 &2.2 &.15
MINER OUT 1957.% 9.2 7.46 1611.6 0.71
FSOV IMET 1987.3% 4719.2 1.44 1611.4 0.7
FSOv EXtv 1%908.4 L2 4 7.44 161i.4 0.6
CHargER T 1e89.3 &7e.5 7.44 16114 [ ]
CHANBER 1757.%
® OXVGEN SVSTEM CONDITIONS =
STATION PRESS TEWP FLOM ENTHALPY DENSITY
B.P. IMLET 1¢.0 162.7 .7 1.9 70.99
B.?. EXIT 135.2 165.3 && .7 6.2 70.94
PUS IMLET 135.2 165.% 6.7 2.3 10.98¢
PL® EXIT 28466 .4 17/9.0 66.7 7.7 71.3¢
02 TANK PRESS 1¢.0 <00.0 0.07¢ 20467 0.12
oSOV LET 2817.9 17¢.2 6.7 1. 1.3¢
oSOV Exit 1972.¢ 181.¢ 6.7 n.z 70.02
OoCY IWLET Wi, ¢ 178.2 3.9 .7 71.3¢
oCv ExI7 1972.% 181 ¢ 37.9 n.? 70.02
CHASER [N 19628 (L3I “. 6 . 2 en
CHAvRER 17%87.%

e VALNVE DATA -

VaLve DEILTA ¢ a3ca Lo T pVPASS
JBY 3¢e, 0.1¢ 3.73 $0.0¢
ey 3481 . 2.t Q.19 <.on
FSov <. 1 84 1.
ocv ne LI (2N YA

= Je TN AT .

ILA L, ] DfFLYS & 228 LW
FUE_ Va2 Lt 7.6e
Loy (K1Y -7 4 ke
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TABLE A-9.

SPLIT EXPANDER—1660°'R HOT-WALL TEMPERATURE LIMIT

(CONTINUED)

seseqUegsesscseEvasaTsUUREVET YL

= TURBOMACHINERY PERFORMANCE DATA <

® M2 B005T TURBINE =

desvqescsvepunacccvay

* HD ROODST PumMe «

Ssscepoeanovvunsny

EFFICTENCY (T/T) 0.826 EFFICIENCY 0.7¢¢
CFFICIENCY (T/S) 0.6% HORSEMMER “8.
SPEED (RPM) 41274. SPEED (/MY 41274,
MEAN DIA CIN} .12 3 SPEED 3049.
EFF AREA (IN2) 1.97 HEAD (FT) 26%0.
(174 (ACTUAL ) 0.553 DtaA. tin 2.63
HAX TIP SPEED “65. TIP SPEED (31N
STAGES 1 VOL. FLOMW 761.
GAMMA 1.43 HEAD COEF 0.450
PRESS RATIO (T/7) 1.01 TLOW CNEF 0.20%
PRESS RATIO (T/S) 1.02
HORSEPOMER <8.
EXIT MACH NUMBER 0.0¢
SPECIFIC SPEED 111.84
SPECIFIC DIAMETER 9.77

LA A AT {4111 L)) “ew *eneus

. H2 TURBINE = -1 PP

LA LI I Y]] reseuvasnew

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY (T/T) 8.801 EFFICIENCY 0.658 8.58% 0.591
EFFICIENCY (T/S) 0.787 HORSEPOMER 1$30. 122. 691.
SPEED (RPH) 125000. SPEED (RPM) 125000. 125000. 125000.
HORSEPOMER 2943, $S SPEED 115382,
MEAN DiA. (S} 3.18 S SPEED 764, €20. 635.
EFF AREA (8L -3 0.17 HEAD (FT) 63N, 62500. 60411.
usc (ACTUAL ) 0.4<8 Dia. (1MW) S.94 3.5? 3.57
MAX TP SPEED 1788, TIP 3IPEED 0%, 1949, 1969,
STAGES 2 VOL. FLOW 759, 386, 383.
Gare 1.43 HEAD COEF 0.543 0.529 0.512
PRESS RATIO (T/T) 2.20 FLOM COEF 0.0%
PRESS RATIO (T/S) 2.23 DIAMETER RATIO 0.328
EXIT MACH NUMBER 0.3 FEARING DN 3.00€0¢
SPECIFIC SPEED 26.81 SHAFT DIAMETER 26.00

SPECIFIC DIAMETER 2.5

SvwesvsavswsunvaTe

¢ 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.867 EFFICIENCY 0.76¢
EFFICIONCY (T1/3) 0.80¢ HORSEPOWER 26.
SPEED (RPH) 11043, SPEED (RPN} 11063,
MEAN DIA (IN) S.88 $ SPEED 3026,
EFF aREA uN2) 2.17 HEAD (FT} 262,
usc (ACTUAL) 0.553 OIA. (S} ] 2.73
MAX TP SPEED 30t. TP SPEED 182.
STAGES ] vOL. FLOM Jes.
Garewn 1.43 HEAD COEF 0.650
PRESS RATIO (T/7) 1.0l FLOM CNFF 2.200
PRESS RATIN (1/3) 1.01
HORSEPOMER .
EXNIT MACH NUMBER 0.03
SPECIFIC SPEED $3.35
SPECIFIC DIAMETER 1.83

vssssvaessuves scvseverune

® 02 YURBINE * 0 FUMP -

Sugsagevagernn Seavevsvumew
EFFICIECY (T/T) 0.83y EFFICIENCY c.1ar
EFFICIEMCY (T/S} 0.8ls HORSEF MER 59S.
SFEED (RFM) 68209, SPEED (ermny ¢80
HORSEPOMER 595. $3 SPEED SN
MEAN DIa (413} 3.1 3 SPEEN [RALN
EFF argEa CINQ} 0.22 HEAD F1) G6e7.
usc TACTUAL Y 0.54¢ OIA. CINy 2.1
MaAK TP SPEED *80. TIP SPFED 662
STasEs 2 VOL . FLOM o8t
Garsa 1.43 HEAD CNEr n.e2¢
PRESS RATIO (T/1) 1.14 FLOM CNET c.1s3
FRESS ®ATIO (T/S) 1.1S DIAMETEP RATINA J.6m1
EXIT »aCH NUMBER q9.07 BLAR = O 1.:45-06
SPETIFIC SPEED 36.%0 SHAFT Nlzvw ifn stong
SPETIFIC DIAMETER t0
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TABLE A-9.

SPLIT EXPANDER—1660°R HOT-WALL TEMPERATURE LIMIT

(CONTINUED)

® CHAMRER 8 NOJZLE MEAT IRANSFER =

*= CHANRER DF3ION <=

CHAMBER MATL/TvPE COPPER/ TURIL AR
HOA (LRM/SECY. CHAMRER FLOW .72
DFIN (PSID). IMET DELTA P 3Z.10
bP (P31D). CHAMRER DELTA © 2%%.12
DPrEX (PSID)}. EXIT DELYA P B6.68
OFT  (PSID). TOTAL DELTA P 377.90
QVOT (BTU/S). HEAT TRANSFER 9%6017.75
OTCH (R). DELTA TEMPERATURE €80.87
UTTH. W TIMATE TEMP MARGIN 94,10
PRYS., MAX STRESS RATIO 60.47
THOT. MAX HOT ®ALL TEMPERATURE 160).8)
UTTS. THROAY MAX TEMPERATURE 1077.2¢
ASP. ASPECY RATIO 1.50
Z1 (IN), CHAMBER LENGTH 13.30
ARI. CONTRACTION RAT!O 2.50
TN, NUMBER OF TUBES 120.00
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TABLE A-10. — SPLIT EXPANDER—35-PERCENT BYPASS/18-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1922.2
VAC ENGINE THRUST 2500¢C.
TURBINE PRESSURE RATIO 2.400
TOTAL ENGINE FLOW RATE 52.07
DEL. VAC. ISP 480.1
THROAT AREA 6.37
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAKETER 90.04
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT Df 551.
CHAMBER COOLANT DT 839.
NOZZLE/CHAMBER Q 15186.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET is.¢ 37.4 7.45 -107.5 4.37
B.P, EXIV 100.5 38.5 7.645 ~103.0 .39
PUMP INLET 100.% 8.5 7.45 -103.0 6.39
18T STAGE EXIT 133%.¢ $5.2 7.645 -535.0 %.50
2ND STAGE EXIT 259.5 67.4 7.45 3¢.8 .59
JBV IMET 25446.5 7.9 2.60 35¢.8 4.5¢
JBV EXIT 2162.9 71.¢ 2.60 3¢.8 4.32
SRD STAGE EXITY 4486.0 9.5 .85 160.7 6.%%
PUMP EXIT 6361.0 121.% .85 281.1 6.60
COOLANT IMLET 6297.4 122.0 4.85 281.1 “«.57
COOLANT EXIT 5746.1 961.2 4.85 3613.3 0.98
IOV INLET 5688.6 2%1.5 0.2¢ 3413.3 0.9%7
TBV EXIT 2265.0 984.0 8.24 3413.3 0.41
02 TR8 IMLET 5688.¢ %%1.5 G.61 3413.3 0.%7
02 TRB EXIT 4980.9 937.1 4.61 3313.1 0.88
02 TRB DIFF €952.9 937.2 0.000 33513.1 0.88
1ST H2 TRB INLET «4as5s3.8 937.7 “.61 3318.1 0.8¢
2ND M2 TRB IMLET 3552.4 882.1 4.61 3087.0 0.69
H2 TRS EXIT 2422.2 e1¢.8 $.61 282%.8 0.52
M2 TRB DIFFUSER 23¢8.¢ 817.1 6.61 2829.8 0.51
M2 BST TRB IN 2344.9 817.1 G.61 2829.8 0.51
H2 BST TR® OUT 2320.4 815.4 4. 61 2822.5 0.50
H2 BST TRB DIFF 2313.4 8i5.¢ 4.61 2822.5 0.5%0
02 BST TRB IN 2290.2 915.¢ 4.61 2822.5 0.50
02 BST TRB OUT 22717.4 814.5 G.61 2819.6 0.49
02 BST TRB DIFF 2276.4 814.5 6.61 2818.6 0.469
H2 TANK PRESS 18.¢ 837.2 *0.0072 2848.3 0.9042
GOX MEAT EXCH IN 22¢5.0 823.0 4.96 2848.3 0.49
GOX HEAT EXCH OUT 2283.7 822.5 .86 2846.3 6.48
MIXER #OT 1IN 2258.7 822.5% 4.84 2846.3 0.48
HIXER COLD IN 2162.9 7.6 2.60 36.8 4.32
MIXER OUT 2141.0 548.0 7.44 1865.1 0.¢8
FSOV IMET 2161.0 $49.0 7.64 1865.1 0.68
FSOV EXIT 2087.5 560.2 7.46 1865.1 0.66
CHAMBER INJ 2066.6 5¢8.3 7.46 1865.1 0.6S
CHAMBER 1922.2
* OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 4.7 1.9 70.%9
8.p. EXIT 135.2 165.3 66.7 62.3 70.8¢
PUMP INLET 135.2 165.3 “6.7 62.3 70.86
PUMNP EXTT 3113.0 179.3 6.7 2.7 71.6%
02 TANK PRESS 1¢.0 400.0 0.076¢ 204.7 0.12
OSOV IMLET 3081.9 179.4 6.7 72.7 71.38
osov Extr 2157.3 183.1 6.7 2.7 69.95
OoCV IMLET 3001.9 179.4 37.9 2.7 71.38
ocv EXIT 2157.3 183.1 37.9 2.7 69.9%
CHAMBER INJ 213%.8 183.2 “6.6 72.7 $9.92
CHAMBER 1922.2

T VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
Jav 382. 0.09 2.60 34.89
TBv 36264, 0.01 0.26 5.00
Fsov S4. 1.80 7.64
ocy 25. 9.22 64,63

& INJECTOR DATA ®

INJECTOR DELTA P AREA FLOW
FUEL 1646, 1.14 7.66
Lox 216. 0.5%% 46.63
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TABLE A-10. —

ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

" TURBOMACHINERY PERFORMANCE DATA =

" H2 BOOST TURBINE =

EFFICIENCY (T/T) 0.865
EFFICIENCY (T/S) 0.62%
SPEED {RPHM) 412¢8.
MEAN DiA (IN} 1.86
EFF AREA {IN2) 1.91
usc (ACTUAL) 0.553
MAX TIP SPEED «29.
STAGES 3
GAMMA 1.642
PRESS RATIO (T/T) 1.01

PRESS RATIC (T/S) 1.01
HORSEPOMER 48.

EXIT MACH NUMBER 0.0?
SPECIFIC SPEED 130.28
SPECIFIC DIAMETER  0.66
AessETENRENANRY
« M2 TURBINES =
SOPUANANNANESEN
TURBINE 1
ounNRseens
EFFICIENCY (T/T)  0.821
EFFICIENCY (T/S)  0.781
SPEED (RPM} 125000.
HORSEPOWER 16¢28.
MEAN DIA. {IN) 2.464
EFF AREA  (IN2)  0.23
usc (ACTUALY  0.428
MAX TIP SPEED 1810.
STAGES 1
GAMMA .62

1
PRESS RATIO (T/T) 1.37
PRESS RATIO (T/S) 1.39
EXIT MACH NUMBER 0.14
SPECIFIC SPEED 29.082
SPECIFIC DIAMETER 2.0¢6

® 02 BOOSY TURBINE «

EFFICIENCY (T/T) 0.87S
EFFICIENCY (T/S) 0.792
SPEED (RPHM) 11043,
MEAN D14 tIN) S.11
EFF AREA 1IN2) 2.65
usC (ACTUAL ) 0.553
MAX T1P SPEED 271.
STAGES 1
GAMMA 1.42
PRESS RATIO (T/T) 1.01

PRESS RATIO (T/S) 1.01
HORSEPOWER 2¢.

EXIT MACH NUMBER 0.03
SPECIFIC SPEED 66.62
SPECIFIC DIAMETER  1.25

esessseny

* 02 TURBINE ®

sSeNsEREINERRY
EFFICIENCY (T/T)  0.813
EFFICIENCY (T/S)  0.770
SPEED (RPM) 70%70.
HORSEPONER 656,
MEAN D1A (N 2,08
EFF AREA  (IN2)  0.26
use (ACTUAL)  0.398
MAX TIP SPEED I
STAGES 2
GAMMA 1.2
PRESS RATIO (T/T)  1.14
PRESS RATIO (T/S) 1.18
EX]T MACH NUMBER 0.0¢
SPECIFIC SPEED 42.30
SPECIFIC DIAMETER .33

TURBINE 2

0.017
0.761
125000.
1676.
2.64
0.29
0.640
1526.

® H} BOOST PUMP w

EFFICIENCY 0.768
HORSEPOWER «8.
SPEED  (RPM) 61268
S SPEED 3049.
HEAD (FT) 2689.
Dia. (N 2.43
TIP SPEED «39.
VOL. FLOW 761.
HEAD COEF 0.450
FLOW COEF 0.201

ANERNNENNES

" H PUMP w

NEBERNRNAREES
STAGE 1

-a -

EFFICIENCY 0.733
HORSEPOWER 737.
SPEED (RPN} 125000.
SS SPEED 11354,
S SPEED 1206.
KEAD (FT) 39940,
DIA. (IN) 2.95
TIP SPEED 1610.
VOL. FLOW 743.
HEAD COEF 0.496¢
FLOW COEF 0.123
DIAMETER RATIO 0.427
BEARING DN 3.00E+06
SHAFT DIAMETER 24.00

® 02 BOOST PUMP =

EFFICIENCY 0.7¢¢
HORSEPOWER 26.
SPEED  (RPM) 11048,
S SPEED 3026.
HEAD FT) 2¢2.
Dia. C(IN} 2.73
TiP SPEED 132.
VOL. FLOW z83.
HEAD COEF 0.450
FLOW COEF 0.200

PIYITITTTTT

« 02 PUMP »

YeseRNEPENY
EFFICIENCY 0.746
HORSEPOWER €54.
SPEED (RPM) 70870.
SS SPEED 23455,
S SPEED 1735,
HEAD FT) 6001.
Dla. CIN} 2.17?
TIP SPEED 669,
VOL. FLOM J81.
HEAD COEF 0.431
FLOW COEF 0.1%0
DIAMETER RATIO 0.679
BEARING DN 1.¢1E+06
SHaFT DIAMETER 20.00
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STAGE 2 STAGE 3

0.732 0.626
736. 850.
125000. 125000.
1192, 703.
3%800. 60397,
2.95 3.51
1610. 1918,
729. «77.
0.49% 0.528

SPLIT EXPANDER—35-PERCENT BYPASS/18-PERCENT

STAGE <
svawswsse
0.630
825.
125000.

719,
58949,
3.51
1918.
416,
¢.51%




TABLE A-10.

— SPLIT EXPANDER~—35-PERCENT BYPASS/18-PERCENT

ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

deNNpERIRRNNYLIsESE AU ERENERRRNP Y

% CHAMBER & NOJZLE HEAT TRANSFER =

#e CHAMBER DESIGN =+*

CHAMBER MATL/TYPE COPPER/TUBULAR
WDA {LBM/SEC). CHAMBER FLOW <.85
DPIN (PSID}, INLET DELTA ¢ 68.390
0P (PSID}. CHAMBER DELTA P 266.23
DPEX (PSID). EXIT DELTA P 133.0%
DPY (PSID). TOTAL DELTA P 467.57
QVOT (BTU/S). HEAT TRANSFER 11370.462
DTCH (R}, DELTA TEMPERATURE 616.65
UTTM. WL TIMATE TEMP MARGIN 168.79
PRYS, MAX STRESS RATIO 61.11

THOT. MAX HOT WALl TEMPERATURE 1459.87
UTTS, THROAT MAX TEMPERATURE 1050.54

ASP. ASPECT RATIO s.00
Z1 (IN), CHAMBER LENGTH 16.25
AR1. CONTRACTION RATIO 3.00
TN, NUMBER OF TUBES 120.00
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TABLE A-11. — SPLIT EXPANDER—35-PERCENT BYPASS/30-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 2049.6
VAC ENGINE THRUST 25000.
TURBINE PRESSURE RATIO 2.350
TOTAL ENGINE FLOW RATE $2.07
DEL. VAC. ISP 480.1
THROAT AREA 5.97
MNOZ22LE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 87.21
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 726.
CHAMBER COOLANT DT 9%6.
HOZZLE/CHAMBER G 17011,

ENGENE STATION CONDITIONS

& FUEL SYSTEM CONDITIONS w

STATION PRESS TEMP FLOW ENTHALPY DEMSITY
8.P. INLET 18.% 37.4 7.644 -102.5 6.37
B.P. EXIT 100.9 38.5 7.44 -108.0 %.39
PUMP INLET 100.9 38.5 7.64 -103.0 .39
1ST STAGE EXIT 1626.1 54.5 7.64 ~27.6 4.%0
2ND STAGE EXIT 2768.6 9.9 7.66 ar.6 .58
JBV INLET 2718.2 70.6 2.60 7.6 4.55
JBV EXIT 2306.3 74.90 2.60 47.6 4.31
SRD STAGE EXIT 4792.2 101.0 64.85 183.¢ 6.56
PUMP EXIT 6792.8 12¢.4 4.85 315.2 .58
COOLANT INLET €726.9 130.0 4.85 315.2 4.55
COOLANT EXIT 5999.1 107¢.3 4.85 3822.7 0.92
BV INET 5939.1 107¢6.6¢ 0.2¢ 3822.7 0.9
TV EX1V 24615.0 1100.1 0.24 3822.7 0.39
02 TRB INLET $939.1 107¢6.6 4.61 3822.7 0.%1
02 TRB EXIT $230.3 1050.5 4.61 3715.4 0.83
02 TRE DIFF 5200.7 1050-6 0.000 3715.46 0.83
1SY H2 TRB IMLET $09¢.7 1051.3 .61 3715.4 0.81
2ND H2 TRB IMLEY 3770.% 990.6 6.61 3472.0 0.¢8
H2 TRB EXIT 258S.8 918.0 6.61 31%0.4 0.4
H2 TR® DIFFUSER  2520.¢ 918.4 6.6} 3190.4 0.48
H2 BST TRB IN 2495.4 918.4 4.61 3190.4 0.48
H2 BST TRB OUT 2672.0 916.6 6.61 3183.1 0.47
H2 BST TRB DIFF  2465.0 91¢.7 4.61 3183.1 0.47
02 BST TRB IN 26440.3 91¢.8 6.61 s5183.1 0.47
02 BST TRB OUT 26428.2 915.8 6.61 3179.1 0.47
02 BST TRB DIFF  2427.2 915.8 6.6) 3179.1 0.47
M2 TANK PRESS 18.¢ 9%1.4 0.0063 3211.3 0.0037
GOX HEAT EXCH IN 24615.0 92%.1 4.84 5211.3 0.46
GOX HEAT EXCH OUT 26403.0 924.6 6.846 320%.2 0.46
MIXER HOT 1IN 2603.0 924.6 4.84 3209.2 0.4646
MIXER COLD IN 2306.3 76.0 2.60 67.¢ 4.31
MIXER OUT 2282.8 613.6 7.44 2106.3 0.¢S
FSOV INLET 2282.8 613.6 7.44 2106.3 0.65
FSOvV EXIT 2225.7 613.9 7.44 2106.3 .63
CHAMBER INJ 2203.5 616.0 1.44 2106.3 0.62
CHAMBER 2049.¢
® OXYGEN SYSTEM CONDITIONS «
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16¢.0 162.7 4.7 61.9 70.99
B.P. EXIT 135.2 165.3 46.7 62.3 70.84
PUMP INLET 135.2 165.3 6.7 62.3 70.8¢
PUMP EXIT 3319.3 180.3 6.7 73.46 71.46
02 TANK PRESS 16.0 400.0 0.07¢ 206.7 0.12
0SSOV INLEY 3286.) 180.4 6.7 73.4 71.46)
oSOV ExIY 2300.3 184.3 6.7 73.4 69.90
OCV INLET 320¢.1 180.4 57.9 73.4 71.41
ocv EXIY 2300.3 1846.3 37.9 73.4 69.90
CHAMBER [NJ 22771.3 186.4 6.6 735.4 6%.0¢
CHAMBER 2049.¢

" VALVE DATA =

VALVE DELTA P LREA FLOM X BYPASS
JBY 407. 0.0% 2.60 36.8¢
Tev 3524, 2.01 0.24 5.00
Fsov s7. i.79 7.44
ocy ”¢. 0.21 45 .63

® INJECTOR DATA =

INJECTOR DELTA P L0EA FLOW
FUEL 154. .16 7.44
LOX 228. 0.53 6. 63
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TABLE A-11. — SPLIT EXPANDER—35-PERCENT BYPASS/30-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA *

L L L L Y L e T T Y L]

CITITY RIS ELLT 2

® H2 BOOST TURBINE »

RReaTRANNNRERRRRY
® HZ BOOST PUMP =

EFFICIENCY (T/7) 0.864 EFFICIENCY 0.755
EFFICIENCY (T/S) 0.616 HORSEPOWER (1. 18
SPEED (RPM)  41371. SPEED  (RPM) 41371,
MEAN D1A (M) 1.86 $ SPEED 3064,
EFF AREA (IN2) 2.01 HEAD (FY) 2703.
usc C(ACTUAL ) 0.553 DIA. (8131 2.43
MAX TIP SPEED 433, TIP SPEED 440,
STAGES 1 vOL. FLOW 761.
GAMMA 1.41 HEAD COEF 0.450
PRESS RATIO (T/T)  1.01 FLOW COEF 0.201
PRESS RATIO (T/$) 1.0}
HORSEPONER .
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 132.22
SPECIFIC DIAMETER  0.65

WoRNYREREBERREN (XA ITI I )

= M2 TURBINES ® .2 PP v

TIRBEYNNEANNNEN AvavanvEnan

TURBINE | TURBINE 2 STAGE 1 STAGE 2 STAGE 3 STAGE &
TrNSANAen L1]] amee arERanTEwe ANGRTWRUY RTFFVAOVET JENSETOWEN

EFFICIENCY (T/7)  0.01S 0.808 EFFICIENCY 0.728 0.727 0.613 0.617
EFFICIENCY (T/8)  0.771 9.7¢8 HORSEPOWER 795. 192, o33, 203.
SPEED (RPM) 125000.  125000. SPEED (RPM) 125000. 125000,  125000. 125000.
HORSEP OWER 1587. 1836. SS SPEED 1512,
MEAN DIA.  (IN)  2.6S 2.68 S SPEED 1146, 1140, e73. ces.
EFF AREA  (IN2)  0.23 0.29 HEAD (FT) €2722. <2535, eam69. 63154,
use (ACTUAL}  0.41S 0.39 DIA.  (IN) s.03 3.08 3.63 5.63
MAX TIP SPEED 1519. 1532. T1P SPEED 1656. 1655. 1986. 1984.
STAGES i ! vOL. FLOW 768, 729. 479. 476.
GAMMA 1.41 1.61 HEAD COEF 0.502 0.500 0.530 0.516
PRESS RATIO (T/T)  1.3§ 1.66 FLOW COEF 0.119
PRESS RATIO (T/S)  1.38 1.51 DIAMETER RATIO 0.41¢
EXIT MACH NUMBER 0.14 0.20 BEARING DN 3.00E°06
SPECIFIC SPEED 28.78 29.40 SHAFT OfAMETER 26.00
SPECIFIC DIAMETER  2.03 1.88

* 02 BOOST TURBINE =

* 02 BOOST Paw «

EFFICIENCY (T/T)  0.875 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.789 HORSEPOWER 2.
SPEED (RPM) 11048, SPEED  (RPM) 11063.
MEAN DIA (N 5.1 $ SPEED 3026.
EFF AREA (IN2)  2.80 HEAD tFT) 262.
ysc (ACTUAL)  0.5SS3 DlaA. [§1%) 2.713
MAX T1P SPEED 272. TIP SPEED 132.
STAGES 1 VOL. FLOW 283.
GAMMA 1.41 HEAD COEF 0.6450
PRESS RATIO (T/T} 1.01 FLOW COEF 0.200
PRESS RATIO (T1/$) 1.01
HORSEPOMER 26.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED ¢8.10
SPECIFIC DIAMETER 1.22

"heeNeBRNREARe oeFeONNnNYES

* 02 TURBINE ® .02 PUW ®

VS NERUNEENNEN SENENgENENY
EFFICIENCY (T/T)  0.811 EFFICIENCY 0.74¢5
EFFICIENCY (T/S)  0.766 HORSEPOWER .
SPEED (RPW) 72220 SPEED  (RPM) 72220.
MORSEPORER 9. $S SPEED 24006,
MEAN DIA () 2.08 S SPEED 1689.
EFF AREA CIN2) 0.27 MEAD (FT) “al1a,
usc (ACTUAL)  0.39¢ DIA. 3T 2.18
MAX TP SPEED 708. TIP SPEED c88.
STAGES 2 VOL. FLOW 281.
GAMMA 1.641 HEAD COEF 0.436
PRESS RATIO (T/T) .14 FLOW COEF 0.148
PRESS RATIO (T/$) 116 DIAMETER RATIO 0.678
EXIT MACH NUMBER 0.09 BEARING DN 1.64E+06
SPECIFIC SPEED 62.29 SHAFT DIaMETER 20.00
SPECIFIC DIAMETER 1.31
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TABLE A-12. — SPLIT EXPANDER—50-PERCENT BYPASS/18-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 191¢.6
VAC ENGINE THRUST 25050.
TURBINE PKESSURE RATIO 2.400
TOTAL ENGINE FLOW RATE 52.07
DEL. VAC. ISP 480.1
THROAT AREA 6.39
NOZZLE AREA RATIO 1000.0
MNOZZLE EXIT DIAMETER %0.17
ENGINE MIXTURE RATIO 6.00
ETA C 0.993
CHAMBER COOLANT DP 595.
CHAMBER COOLANT DT 1073.
NOZZLE/CHAMBER Q 1471S.

ENGINE STATION CONDITIONS

*® FUEL SYSTEM CONDITIONS «

STATION PRESS TEWP FLOW ENTHALPY DENSITY
9.P. INLET 18.4 37.4 7.46 -107.% «.37
B.P. EXIT 100.9 38.% 7.44 -103.0 6.3%
PUMP INLET 100.9 58.5 7.644 -103.0 %.39
IST STAGE EXIT 1835.¢ 53.1 7.64 -35.3 4.50
2ND STAGE EXIT 2588.9 ¢7.3 7.644 36.3 6.59
JBV INLET 2537.2 ¢7.9 3.72 3¢.3 £.56
JBVY EXIT 2156.¢ 7.3 3.72 36.3 4.38
JRD STAGE EXIT €815.9 9.8 3.72 173.% G .49
PUMP EXIT 638¢.2 129.2 3.72 304.7 6.49
COOLANT TNLET €322.3 129.7 5.72 30¢.7 G6.46
COOLANT EXIT §729.3% 1202.3 3.72 €260.4 0.80
TBV INLET 5672.0 1202.6¢ 0.19 4260.6 0.79
TBV EXIT 2258.5 1226.0 0.19 €260.6 0.33
02 TR® INLET $672.0 1202.6¢ 3.53 €260.46 0.79
02 TR® EXIT €905.¢ 1170.2 3.53 €130.1 0.7
02 TR® DIFF 49646.4 1170.3 0.000 4130.1 0.71
1ST M2 TRB INLET 4767.1 1170.8 3.53 4130.1 0.69
2ND M2 TRB INLET 339¢.S 1097.2 3.83 3836.¢6 0.56
H2 TRB EXIT 2413.8 1028.3 3.53% 3554.1 0.42
H2 TRB DIFFUSER  2341.1 102%.7 $.5% $556.1 0.4}
H2 BST TRB IN 2337.% 102s8.7 5.83 35%4.1 0.41
H2 BST TRB OUT 2812.2 1021.3 3.53 35446.5 0.40
H2 BST TRB DIFF  2307.2 1921.3 3.53 3544.5 0.40
02 BST TRB IN 2286.1 1021.5% 3.53 3544.5 0.40
02 BST TR OUT 2270.¢ 1020.1 3.53 3539.3 0.40
02 BST TRB DIFF  2249.8 1020.1 3.53 35%9.3 0.40
H2 TANK PRESS 18.¢ 1066.5 0.0087 3575.4 0.0033
GOX HEAT EXCH IN 22%58.5 1030.5 .n 3575.4 0.39
GOX MEAT EXCH OUT 2247.2 1029.8 .n 3572.7 0.39
MIXER HOT IN 2267.2 1029.8 .n 3572.7 0.39
MIXER COLD IN 2156.¢ 71.8 3.72 36.3 %.33%
MIXER OUT 2134.8 $30.7 7.64 1802.0 0.69
FSOV INLET 2136.9 $30.7 7.44 1802.0 0.69
FSOV EXIT 2081.% $30.9 7.446 1802.0 0.68
CHAMBER INJ 2060.6 531.0 7.44 1802.0 0.67
CHAMBER 191¢6.¢
® OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 1¢.0 162.7 £6.7 61.9 70.9
8.P. EXIT 188.2 165.3 4c.7 62.3 70.8¢6
PUMP INLET 185.2 165.3% 6.7 2.3 70.984
PP EXIT 3103.9 179.3% 6.7 2.4 71.63
02 TANK PRESS 16.0 400.0 0.07¢ 206.7 0.12
OSOV IMLET s072.9 179.¢ 6.7 2.6 71.38
oSOV ExIT 2151.0 183.0 6.7 2.6 69.9¢
OCV INLET 3072.9 179.¢ 37.9 72.¢ 71.38
ocv Extv 2151.0 183.9 37.9 2.6 $9.9%
CHAMBER INJ 212¢.% 103.1 45.6 22.6 69.92
CHAMBER 1916.¢

® VALVE DATA =

VALVE DELTA P AREA FLoM X BYPASS
8V 381, 0.13% 3$.72 50.03
v 3414, 0.0} 0.19 5. 00
Fsov ss. 1.78 7.4¢
ocv *?22. 0.22 £6.43

® INJECTOR DAVA «

INJECTOR DELTA P ARES FLOW
FUEL 144 . 1.13% 7.6¢
Lox 213. 0.5% 66. 63
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TABLE A-12. —

ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA =

= H2 BOOSY TURBINE =

EFFICIENCY (T/T) 0.873
EFFICIENCY (1/S) 0.691
SPEED (RPM) 41382,
MEAN DIA {IN) 2.12
EFF AREA (IN) 1.61
{174 (ACTUAL ) 0.553
MAX T1P SPEED 8.
STAGES 1
GAMMA 1.3

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOMER 48.

EXIT MACH NUMBER 0.06
SPECIFIC SPEED 112.84
SPECIFIC DIAMETER 0.7¢
SUSRPFRASENANNE
= H2 TURDIMES »
L}

TURBINE 1

LLTT I
EFFICIENCY (T/T) 0.7a¢
EFFICIENCY (T/S) 0.729
SPEED (RPM) 125000.
HORSEPONER 1667.
HEAN DIA. (IN) 2.46
EFF AREA (IN2) 0.20
usc (ACTUAL )Y 0.378
MAX TIP SPEED 1513,
STAGES 1
GAMMA 1.3
PRESS RATIO (T/T) 1.40
PRESS RATIO (T/S) 1.64
EXIT MACH NUMBER 0.17
SPECIFIC SPEED 23.43
SPECIFIC DIAMETER 2.20

* 02 BOOST TURBINE »

SenneREREUNNNERREREY
EFFICIENCY (T/T) 0.848
EFFICIENCY (T/S) 0.804
SPEED RPM} 11043,
MEAN DiA (IN) 5.83
EFF AREA 1IN2) 2.23
usc (ACTUAL) 0.558
MAX TIP SPEED s02.
STAGES 1
GAMMA 1.39

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOWER 2¢.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 546.06
SPECIFIC DIAMETER 1.%51

® 02 TURBINE =

EFFICIENCY (V/T) 0.774
EFFICIENCY (T/S) 0.719
SPEED (RPM] 70494

HORSEP OWER 52.
MEAN Dla o) 2.08
EFF AREA (N2} 0.22
usc C(ACTUAL } 0.349
MAX TIP SPEED 88,
STAGES 2
GAMMA 1.3
PRESS RATIO (T/T) 1.1¢
PRESS RATIO (T/S}) .17
EXIT MACH NUMBER o.1
SPECIFIC SPEED 2.06

SPECIFIC DIAMETER

TURBINE 2

®* H2 BOOST PUMP =

LA T T T T Y Y Y

EFFICIENCY 0.765
HORSEPOWER 8.
SPEED  (RPM) 41382,
S SPEED 3044.
HEAD (FT) 2705.
DIA. (1N 2.43
TIP SPEED €60
VOL. FLOW 761.
HEAD COEF 0.450
FLOW COEF 0.201
ESeURNSNEN
" W2 PUMP w
SNgaveNSNRE
STAGE 1
LI LTl ]
EFFICIENCY 0.73%4
HORSEPOMER 734.
SPEED (RPM) 125000.
$S SPEED 11308.
S SPEED 1209,
HEAD (FT) 3%802.
DIA. (1) 2.95
¥IP SPEED 1608.
voL. FLOW 743.
HEAD COEF 0.495
FLOW COEF 0.128
DIAMEYER RATIO 0.428
BEARING DM 3.00E+0¢
SHAFT DIAMETER 26.00

LAALI I TR L]

* 02 BOOST PUMP »

SURaAwery

EFFICIENCY
HORSEPOMER
SPEED {RPM) 11063
S SPEED 302¢.
HEAD {FT) 242.
D1lA, {INY 2,73
T1P SPEED 132.
VOL. FLOW 283.
HEAD COEF 0.450
FLOW COEF 0.200

esunenvensn

" 02 PUMP =

esevnnunune
EFFICIENCY 0.746
HORSEPOWER 652.
SPEED (RFM) 70496.
3S SPEED 23430,
S SPEED 1737,
HEAD (FT) 5983,
DIA. ) 2.17
TIP SPEED $68.
VOL. FLOW 201,
HEAD COEF 0.631
FLOW COEF 0.150
DIAMETER RATIO 0.679
BEARING DN 1.61E-06
SHAFY DIAMETER 20.00
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STAGE 2 STAGE

SPLIT EXPANDER—50-PERCENT BYPASS/18-PERCENT

3 STAGE <

0.733 0.s501
733, 728.
125000. 125000.
1200. 613.
39681, é2112.
2.95 3.56
1608. 1946.
728. s72.
0.69%¢ 0.528

0.588
490.
125009.

€29.
59999.
3.87
1946.
372.
0.510




TABLE A-12. — SPLIT EXPANDER—50-PERCENT BYPASS/18-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

ARSI NEE NN TN N RS E AT YRS EN YN

® CHAMBER & NOZZLE HEAT TRANSFER =

=% CHAMBER DESIGN ==

CHAMBER MATL/TVPE COPPER/TUBULAR
WUA (LEM/SEC), CHAMBER FLOW 5.72
DPIN (PSID), INLET DELTA P a1.24
. 4 (PSID). CHAMBER DELTA P 341.19
DPEX (PSID). EXIV DELTA P 127.02
DPY (PSID). TOTAL DELTA P 509.47
QTOT (BTU/S). HEAT TRANSFER 10906.9¢
DTCH (R). DELTA TEMPERATURE 780.57
UTTM. ULTIMATE TEMP MARGIN 100.5])
PRYS, MAX STRESS RATIO 63.03

THOT, MAX HOT WALL TEMPERATURE 1655.64
UTTS. THROAT MAX TEMPERATURE 938.93

ASP, ASPECT RATIO 1.50
Z1 (IN), CHAMBER LENGTH 15.5%0
AR1., CONTRACTION RATIO 2.40
TN, NUMBER OF TUBES 120.00
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TABLE A-13. — SPLIT EXPANDER—50-PERCENT BYPASS/30-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP

ENGINE PERFORMANCE PARAMETERS

LA L L L L L L T Y Y R Y P Y T L ]

CHAMBER PRESSURE 2161.2
VAC ENGINE THRUST 25000.
TURBINE PMESSURE RATIO 2.300
TOTAL ENGINE FLOW RATE s2.07
DEL. VAC. ISP 80,1
THROAT AREA 5.67
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 86.9¢
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 1017.
CHAMBER COOLANT DT 1370.
NOZZLE/CHAMBER Q 1863).

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 19.6¢ 87.¢4 7.66 -107.% €.37
B.P. EXIT 100.7 30.5 7.44 -103.0 4.39
PUMP INLET 100.7 38.5 7.64 -103.0 4.39
I1ST STAGE EXIT 1501.9 $5.¢ 7.44 -22.7 .50
2ND STAGE EXIY 29%20.1 2.0 7.46 57.3% €.58
JBV INLET 8¢1.7 2.6 S.72 57.3 .55
JBY EXIT 2432.4 76.4 3.72 52.3 .30
3RD STAGE EXIY 5148.2 112.1 5.72 226.1 4.65S
PUMP EXIT 7281.¢ 147.2 3.72 $82.2 4.44
COOLANT INLEY 7208.8 1€7.7 s5.72 382.2 6.62
COOLANT EXIT €191.¢ 1518.0 .72 $390.¢ 0.69
TRV INLET 6129.% 1518.< 0.19 $390.¢ 0.69
TBY EXIT 2546.¢ 1543.¢ 0.19 $3%0.6 0.30
02 TRB INLET 6129.5 1518.4 3.83 5390.¢ 0.469
02 TRB EXIT $376.6¢ 1481.7 3.58% $262.6 0.62
02 TRB DIFF $3351.8 1482.0 0.000 5242.6 0.62
I1ST 12 TRE INLET S225.1 1482.7 3.58 $242.4 0.6}
2ND M2 TRB IMLET 3815.¢ 1397.3 3.83 4906.9 0.48
H2 TRB EXIT 2733.0 1308.¢ 3.53 “5¢2.9 0.37
H2 TRB DIFFUSER  2¢%1.3 1399.2 3.53 «562.9 0.3¢
H2 BST TRD IN 2624.8 1309.> 3.83 £562.9 0.3¢
H2 85T TRD OuT 2602.¢ 130¢.8 3.83 4553.4 0.3¢
H2 BST TRB DIFF  2597.7 130¢.9 3.53 45538.4 0.3
02 9ST TRB IN 2571.7 1307.1 3.53 4558.¢4 0.35
02 BST TRB OUT 2559.9 130%.7 3.88 £568.2 .35
2 BST TRB DIFF 2559 2 1305.7 .83 65¢8.2 0.35
H2 TANK PRESS 18.¢ 1337.1 0.0048 €590.4 0.002¢
GOX HEAT EXCH IN 2546.4 1317.e 3.72 €590.4 0.35
GOX HEAT EXCH OUT 2533.¢6 1317 3.72 4587.7 0.36
HIXER MOT IN 2533.¢ 13517.1 5.72 <587.7 0.34
MIXER COLD IN 2432.4 76.4 3.72 $7.3 .30
MIXER OUY 2407.0 $72.9 7.6¢ 2320.3 0.62
FSOV INLET 2407.0 $72.9 7.44 2320.8% 0.62
FSov EXIT 2366.8 673.2 7.46 2320.3 0.6}
CHAMBER INJ 2323.% 673.¢ 7.4¢ 2320.3 0.60
CHAMBER 2161.7
® OXVGEN SYSTEM CONDITIONS o
STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INMLEY 16.0 162.7 4.7 61.9 70.99
B.p. EXIT 135.2 165.3 €.y 2.3 70.84
PP IET 135.2 1¢5.3 €6.7 2.3 70.86
PUMP EXIT 3500.8 181.1 £6.7 74.0 71.48
02 TANK PRESS 16.0 400.0 0.07¢ 206.7 0.12
OSovV IMLET 34¢5.8 181.3 6.7 74.0 T1.643
osov EX1T 242¢.0 185.8 6.7 7.0 $9.8%
OCv INLEY 34¢5.8 181.8 57.9 1<.0 71.43
ocv €x17 262¢.0 19%.8 37.9 7.0 9.85
CHAMBER INJ 2401 .8 185.¢ 46.¢ 14.0 €9.81
CHAMBER 2161.7

® VALVE DATa =

VALVE DELTA P AREA FLOW X BYPASS
S8y 429. 0.13 5.72 50.02
T8V 3%858. 9.01 .19 S.00
FSov 40. V.17 7.46
acv 1040. 6.21% 66,638

* JNJECTOR DaTA =

INsECTOR DELTA P AREA FLO®
FueL 162. 1.13 7.6¢4
LOX 2¢0. 0.%2 €4.63
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TABLE A-13. — SPLIT EXPANDER—50-PERCENT BYPASS/30-PERCENT
ENHANCEMENT—FOUR-STAGE PUMP (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA

® H2 BOOST TURBINE =

npeunEsRRNRERIROR
» HZ BOOSY PUMP @

LLIIT Y YT LYY Y )

EFFICIENCY (T/T) 0.071 EFFICIENCY 0.765
EFFICIENCY (T/S)  0.673 MORSEPONER «8.
SPEED (RPM) 41324, SPEED  (RPH) 41824
MEAN DIA {IN) 2.12 S SPEED 3047.
EFF AREA (IN2) 1.84 HEAD F1) 2696.
v/c (ACTUAL)  0.S53 Dla. any 2.43
MAX TIP SPEED ar6. TIP SPEED 439,
STAGES 1 voL. FLOW 761.
GAMMA 1.€1 HEAD COEF 0.450
PRESS RATIO (T/T)  1.01 FLOW COEF 0.201
PRESS RATIO (T/5)  1.01
HORSEP OWER 8.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 119.14
SPECIFIC DIAMETER  0.73
L1} sleveENENEYe SuEREsNeseN
" H2 TURBINES " H2 PP v
NN NDSeSANvANS AL LIITII LY
TURBINE 1  TURBINE 2 STAGE 1 STAGE 2 STAGE S SFAGE <
LAAI YTl ] UGN SINNENSES GuVReanNER
EFFICIENCY (T/T) 0.781 EFFICIENCY 0.723 0.722 0.556¢ 0.563
EFFICIENCY (T/S)  0.699 0.701 HORSEPOWER 866, 843, er7. 8ss.
SPEED (RPM) 125000.  125000. SPEED (RPH) 125000.  125000.  125000.  125000.
MORSEPOMER 1609. 1710. SS SPEED 11882,
MEAN DIA.  (IN)  2.68 2.68 $ SPEED 1099. 1093, ss1. ses.
€FF AREA  (IN2}  0.20 0.27 HEAD  (FT) «5180. ©4930. 72056, 69296
v/e (ACTUAL)  0.38% 0.3 DIA. (IN) .10 5.10 5.83 .83
MAX TIP SPEED 1527. 1561, TIP SPEED 1693, 1693 2088. 2089.
STAGES 1 ) vOL. FLOW 743. 729. 375, 376.
GAMMA 1.41 1.61 MEAD COEF 0.507 0.5064 0.532 0.511
PRESS RATIO (T/T)  1.37 1.40 FLON COEF 6.117
PRESS RATIO (T/3)  1.42 1.45 DIAMETER RATIO 0.606
EXIT MACH NUMBER 0.1 0.21 BEARING DN 3.00€+06
SPECIFIC SPEED 2.7 26.79 SHAET DIAMETER 24.00
SPECIFIC DIAMETER  2.18 1.92

* 02 BOOST TURBINE =

® 02 BOOST PUMP =

LA LIl YYTTY] LL1} AeuSuuYNETRERORYY
EFFICIENCY (T/T)  0.870 EFFICIENCY 0.76¢
EFFICIENCY (T/$)  0.801 HORSEPOWER 2.
SPEED (RPM) 11064, SPEED  (RPM) 11064,
MEAN DIA (aNy  s.es S SPEED 3026.
EFF AREA  (IN2)  2.S4 HEAD FT) 2¢2.
usc (ACTUAL)  0.Ss3 D1A. Ny 2.7
MAX TIP SPEED 306. T1P SPEED 132.
STAGES ) VOL. FLOMW 283.
GAMMA 1.61 MEAD COEF 0.450
PRESS RATIO (T/T) 1.00 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOWER 26.

EXIT MACH NUMBER 0.02
SPECIFIC SPEED $7.47
SPECIFIC DIAMETER 1.42

seussesNeENRES afesNEBOROE

. 02 TRBINE " 02 PUN

saNenRseeNRIuNY adesuENOENw
EFFICIENCY (T/T)  0.770 EFFICIENCY 0.74s
EFFICIENCY (T/S)  0.710 HORSEPOMER 740.
SPEED (ReM) 73632 SPEED  (RPM) 73632.
HORSEPOMER 740. $S SPEED 26672
MEAN DIA ey 2.08 S SPEED 1652.
EFF AREA  (IN2)  0.2¢ HEAD (F1) €777,
usc (ACTUAL)  0.3¢2 Dia. 301 2.19
MAX TIP SPEED .. TIP SPEED 706.
STaGES 2 VOL. FLOM 281.
Garma 1.61 MEAD COUEF 0.440
PRESS RATIO (T/T) 1.14 FLOW COEF 0.1¢¢
PRESS RATIO (T/%) 1.18 DIAMETER RATIO 0.477
EXIT MACH NUMBER 0.11 BEARING DN 1.47E+06
SPECIFIC SPEED 32.22 SHAFT DIAMETER 20.00

SPECIFIC DIAMETER 1.41
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